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CHAPTERl. GENERALINTRODUCTION 
Gullies are incised drainage channels that have steep sides with actively eroding 
banks near their headcuts (Higgins, 1990). The thick loess deposits of western Iowa, where 
gullies commonly exceed 20 m in width and 5 m in depth, are particularly susceptible to 
gully erosion. Growth of gullies damages bridges, pipelines, and communication lines, 
removes prime agricultural land, and reduces water quality by increasing sediment loads in 
streams. Damages have been estimated at $1.1 billion since the settlement of western Iowa 
(Radish and Braster, 1994). Between 5,000 and 10,000 acres of potential cropland are lost 
annually due to gully growth in western Iowa (Bettis, 1983). For example, near Treynor, 
Iowa, 3,600 metric tons of sediment were eroded from a single gully in a nine-year period 
(Bradford et al, 1978). Considerable money and effort are also spent maintaining ditches, 
channels, and navigable rivers that become clogged with sediment downstream from gullies. 
Gullies grow in two directions: up-valley by erosion and mass-wasting of their 
headcuts and outward by mass-wasting of their steep-sided walls. The headcut is a steep or 
vertical scarp separating the upstream channel or valley floor from the gully below. In 
gullies where water commonly flows over the headcut, the process that is commonly thought 
to cause head ward growth is undercutting of the headcut by runoff (Bettis, 1983; Robinson 
and Hanson, 1996; Stein et al., 1997). Water flowing over the headcut falls into a plunge 
pool. The water erodes the base and sides of the pool, undercutting the headcut and 
eventually causing it to collapse. Repetition of this process enlarges the gully over time. 
Other studies have indicated that headcut advance may be affected by seepage of 
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groundwater through the headcut (Ireland, 1939; Palmer, 1965; Piest et al., 1975; Bradford et 
al., 1978). 
Gullies widen when their walls fail by various mass-wasting processes. In loess and 
loess alluvium, the walls are left vertical or nearly vertical, causing them to be prone to 
further collapse. Bradford and Piest (1980) observed three types of gully-wall failure: deep-
seated slumps, trapezoidal slab failures, and popout failures. Deep-seated slumps are slides 
that fail along a concave-upward, circular plane, rotating such that the top of the slump mass 
moves downward and the toe moves outward. Deep-seated slumps tend to occur downstream 
from the headcut in lower-angle slopes of less than 51° (Lohnes and Handy, 1968). 
Trapezoidal slab failures are blocks of earth that topple into the gully. A tension crack forms 
between the slab and the undeformed wall prior to collapse. Slab failures tend to form near 
the headcut where the walls are near vertical. Popout failures are small blocks of earth that 
have become detached ("popped-out") from the base of the wall leaving a bowl-shaped 
alcove. Popout failures eventually lead to columnar sloughing of overhanging material. 
The exact causes of wall failure are still poorly known, despite many years of 
research. Bradford and Piest (1980) suggested that increased water content, caused by 
infiltration during rainfall or snowmelt, and the associated reduction in cohesion and 
capillary tension instigated gully-wall failure. They did not think that seepage forces played 
a significant role in the process. Although they installed no long-term monitoring equipment 
to test this idea, they did do an experiment in which a trench dug parallel to a gully wall was 
filled with water, and pore-pressures sensors monitored groundwater flow toward the gully. 
Data from this experiment indicated that collapse was related to the distribution of pore-
water pressure in the gully bank (Bradford and Piest, 1977), although this result was not 
3 
emphasized in Bradford and Piest's subsequent summary of gully erosion in the upper 
Midwest (Bradford and Piest, 1980). 
Freeze-thaw cycles may also contribute to gully-wall failure (Tuckfield, 1964; 
Palmer, 1965; Piest et al., 1975; Bettis, 1983). Water drawn to growing ice lenses during the 
winter and early spring may enlarge cracks in the gully wall, increasing the potential for wall 
collapse. 
To better understand processes and long-term rates of gully growth, one gully near 
Treynor, Iowa, was selected as a research site. The gully is part of the Deep Loess 
Experimental Research Station managed by the National Soil Tilth Laboratory of the USDA-
NRCS. This gully, cut in loess alluvium, has expanded rapidly during the last four decades 
and has been mapped and studied at irregular intervals since the 1960's (Bradford et al., 
1973, 1978; Pi est et al., 1975; Bradford and Pi est, 1980; van der Poel et al., 1986). 
A major objective of this research was to document the growth of the gully through 
time and relate changes in its rate of growth to hydro logic variables and conservation 
practices. To do this, surveys of the gully from the 1960's and 1970's were digitized for 
comparison with surveys completed between 1998 and 2000. Rates and patterns of gully 
growth were compared with changes in conservation practices, precipitation, and water 
discharge through the gully. 
The second objective was to study the effect of subsurface water flow on the stability 
of the gully walls. To study effects of groundwater on gully-wall failure, a system of sensors 
was installed around the actively eroding portion of the gully and monitored for a 22-month 
period. Pore-pressure sensors recorded hydraulic head in the gully banks. Extensometers 
were installed directly adjacent to the gully walls near the pore-pressure sensors to record 
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bank movement. With these instruments, hydraulic heads could be correlated with motion of 
the gully banks before and during mass-wasting events. These data were complemented by 
measurements of atmospheric pressure, rainfall, and air temperature. 
THESIS ORGANIZATION 
This thesis consists of two chapters that after condensation will be submitted to 
journals and a brief final chapter that summarizes conclusions. I apologize for any 
consequent redundancy. 
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CHAPTER 2. LONG-TERM GROWTH OF A GULLY, 
DEEP LOESS HILLS, WESTERN IOWA 
INTRODUCTION 
Gullies are incised drainage channels that have steep sides with actively eroding 
banks near their headcuts (Higgins, 1990). The thick loess deposits of western Iowa are 
particularly vulnerable to gully erosion (Bradford and Piest, 1980). Growth of gullies in this 
region causes damage to bridges, pipelines, and communication lines, removes prime 
agricultural and recreational land, and reduces water quality by increasing sediment loads 
delivered to streams. Piest et al. (1975) estimated gully erosion contributed 20% of the total 
sediment yield eroded from watersheds in western Iowa. Comparison of gully expansion 
with hydrologic and land-use variables is necessary to estimate future changes in growth 
rates and gully morphology (Burkard and Kostaschuk, 1997). 
Previous studies have compared rates of gully erosion to variables such as basin area 
and length, channel slope, precipitation, runoff, soil shear strength, and vegetation (Schumm, 
1956; Schumm and Hadley, 1957; Beer and Johnson, 1963; Thompson, 1964; Tuckfield, 
1964; Seginer, 1966; Harvey, 1974; Patton and Schumm, 1975; Piest et al., 1975; Bradford et 
al., 1978; Bradford and Piest, 1980; Stocking, 1980; Crouch, 1990; Radoane et al., 1995; 
Burkard and Kostaschuk, 1997; Derose et al., 1998). Rates of gully growth were measured 
in these studies with either infrequent aerial photographs taken over long periods or annual 
surveys conducted over periods ofless than 12 years. 
In this chapter, I describe a 36-year record of the growth of a large valley-bottom 
gully in western Iowa. The gully was mapped and studied at irregular intervals during the 
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first half of this period (Piest et al., 1975; Bradford and Piest, 1977, 1980; Bradford et al., 
1978), and the gully was resurveyed several times during the past few years. Variables such 
as precipitation and water discharge through the gully have been recorded continuously over 
the 36-year period. The objectives of this research were to characterize the growth of the 
gully through time and relate changes in its rate of growth to hydrologic variables and 
conservation practices. 
BACKGROUND 
Setting and Gully Geometry 
The gully is located in the deep-loess region of western Iowa near the town of 
Treynor, about 26 km east of the Missouri River in Pottawattamie County (Fig. 1). The gully 
is part of Watershed #1 (0.302 km2) of the Deep Loess Research Station managed by the 
National Soil Tilth Laboratory of the USDA-Agricultural Research Service. Water from the 
gully empties into Silver Creek about 3.5 km downstream. Average annual rainfall is 
approximately 720 mm. 
The Loess Hills are a distinct physiographic province in Iowa, rising abruptly from 
the eastern edge of the alluvial plain of the Missouri River. The Loess Hills near the river are 
topographically distinct with steep ridges and backslopes. Farther east, the hills grade into a 
more rolling landscape, known as the Deep-Loess Region. Deposition of loess began during 
the Pleistocene, when the Missouri River acted as an outlet for glacial meltwater. Strong 
easterly winds blowing across the exposed floodplain entrained silt, which was carried across 
Iowa. The loess deposits are thickest and coarsest near the Missouri River and become 
steadily thinner and finer to the east. The loess is sufficiently thick near the river-between 
Inset Map 1 
Missouri 
River 
0 Missouri 
Alluvial 
Plain 
Inset Map2 
Inset 
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Figure 1. Location and geologic setting of research site. 
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20 and 60 m-to conceal the preexisting surface topography (Prior, 1991). The last period of 
loess deposition ended near the close of the last glaciation, about 12,500 years ago. 
Erosion and redeposition of loess is responsible for the present topography. 
Throughout the Holocene, material has been eroded from the loess uplands and deposited in 
the valley bottoms. These loess-derived alluvial and colluvial deposits are part of the so-
called DeForest Formation (Bettis, 1990; Prior, 1991). Throughout the loess hills and the 
deep-loess region, valley-bottom gullies, including the one studied here, are eroded into these 
deposits (Fig. 2). 
The geometry of the gully studied here is similar to that of most valley-bottom gullies 
in the loess hills and deep-loess region. The gully is fed by an incised channel that begins 
160 m upstream and enlarges gradually to a maximum depth of about 2.5 m and width of 
about 4 m just upstream from the headcut (Fig. 3). At the headcut, over a horizontal distance 
of only 1 m, the gully deepens to 4.5 m and widens to 9 m (Fig. 4 ). Within another 10 m, the 
gully is 7 m deep and 20 min width. The headcut of the gully is bowl-shaped with near-
vertical walls between 1 and 2 m in height and steep, colluvium-covered slopes at lower 
elevations (Fig. 5). This is where the most active erosion and mass-wasting occurs. Farther 
down-gully, beyond this actively eroding region, the gully is between 20 to 35 m wide and 7 
to 9 m deep. A smaller incised channel, that drains about a fifth of the total watershed, feeds 
the side of the gully about 50 m downstream. The topography surrounding the gully is gentle 
(Fig. 6). Summits and toeslopes are between 0 and 4%, while backslopes are between 12 and 
14%. 
Water enters the gully as runoff and groundwater seepage. Runoff enters the gully 
primarily through the incised channel at its head. This channel ends and the gully begins at 
Wisconsinan Loess 
Loveland Locss 
Pre-Ill inoian Ti 11 
11 
Gunder 
Member 
Figure 2. General subsurface geology for watersheds in the deep-loess region of western 
Iowa. 
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Figure 3. Incised channel feeding the gully. The photograph was taken 1 m upstream from 
the headcut looking upstream. The channel is 2.5 min depth and 4 min width. 
Figure 4. Runoff entering the gully at the headcut. The tree roots and vegetation mat on the 
west (left) side of the channel are temporarily holding the soil in place as the 
headcut erodes headward. 
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Figure 5. Bowl-shaped headcut. 
Figure 6. Topography directly adjacent to the gully. 
14 
the headcut, where water flows over a waterfall into a plunge pool at the base of the headcut 
(Fig. 7). The water then flows through a meandering channel that is cut into the floor of the 
gully and runs down its axis. Groundwater seeps through the gully walls about 1 to 2 m 
below the ground surface year-around (Fig. 8). Seepage coalesces to form small rivulets that 
flow over the colluvium-covered slopes down to the main channel. 
Since the early 1960's, there have been only a few changes in land use and 
conservation practices within Watershed #1. In 1980, terraces were added on the east side of 
the watershed. From 1964 to 1996, the fields were contour-tilled and planted with corn. 
Since 1996, a no-till corn and soybean rotation has been implemented. A strip of brome 
grass and other grasses, between 10 and 30 m in width, separates the cropped fields from the 
edge of the gully. This grass is mowed periodically between the late spring and early fall 
months (Fig. 9). 
Vegetation in the gully increases in density down-gully. There is little vegetation that 
grows near the gully headcut, due to active mass-wasting of the near-vertical walls (Fig. 10), 
although some areas have been stable enough for grasses and shrubs to grow (Fig. 11 ). 
Twenty meters down-gully from the headcut, the slopes of the gully are tree-covered and 
relatively gentle (-30°) (Fig. 12). 
Earlier Work 
From 1963 to 1980, the gully in Watershed #1 was surveyed on an annual or sub-
annual basis for various USDA projects (Bradford and Piest, 1980). To make surveying 
easier, many benchmarks were installed around and upstream from the gully. From these 
surveys, maps of the gully were produced from 1963 to 1980. Most of these were maps of 
the gully perimeter, showing the aerial growth of the gully during the study period. Other 
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Figure 7. Headcut waterfall and plunge pool. Here, the gully begins, and the incised 
channel feeding it ends. 
Figure 8. Groundwater seeps through the gully walls 1. 0-1 . 5 m below the surface. Dark, 
wet, loess alluvium below this depth is visible in the photograph. 
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Figure 9. Brome grass adjacent to the gully. 
Figure 10. Little vegetation grows on the slopes near the head cut. 
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Figure 11. The areas at lower left and right center have been stable long enough for grasses 
and shrubs to grow, whereas the area in the center, nearest the headcut, has not. 
Figure 12. Down-gully from the actively eroding area, slopes have been sufficiently stable 
for trees to grow. 
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maps illustrated the coordinate system, the location of benchmarks, and aerial-photograph 
control points. Detailed surveys of the gully were performed in November of 1964 and 1967 
and July of 1970, with transverse transects crossing the gully every 1.52 or 3.05 m from a 
baseline running parallel to the longitudinal axis of the gully. 
Since 1964, precipitation, baseflow, runoff, total runoff, sheet-rill erosion on the 
surrounding slopes, and gully erosion have been monitored. About 160 m downstream from 
the current headcut, a calibrated weir and water level recorder were installed in 1964. The 
weir allows the total runoff through the gully above it to be recorded. Baseflow is defined as 
the total daily runoff volume in the absence of a storm event. On the day of a storm event, 
baseflow is isolated from the total runoff discharge by interpolating between the daily 
baseflows before and after the event. Precipitation is measured with a continuously 
recording rain gauge near the weir. Sediment concentration was sampled at the weir, in the 
incised channel a few meters upstream from the gully headcut, and in the smaller incised 
channel feeding the side of the gully. The product of the water discharge at the weir and the 
sediment concentration is the sediment discharge. Integration of sediment discharges over 
time provides the sediment yield. The sediment discharge above the headcut is a measure of 
sheet-rill erosion; the difference in sediment discharge at the headcut and at the weir is a 
measure of the erosion of the gully. 
METHODS 
These survey and sediment data, together with our recent surveys of the gully, were 
used to determine the gully volume as frequently as possible over the last 36 years, so that 
rates of gully growth could be calculated. 
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Survey Data 
We first surveyed the gully in February, 1999, using a Nikon Total Station. The gully 
was surveyed during winter because vegetation was minimal, allowing the total station 
greater range of vision and reducing the number of times that the instrument had to be 
moved. The area surveyed included the region 20 m upstream from the headcut and 
extended downstream to the southernmost benchmarks about 130 m downstream from the 
headcut. Survey points were chosen to most accurately represent the topography and were 
densest in areas of high relief and were less dense in low-relief areas. Despite the installation 
of numerous benchmarks between 1963 and 1980, only three of them remained in 1999 as 
possible reference points; others had been displaced by erosion of the gully banks. The 
remaining benchmarks and other permanent structures installed since 1980 in the area around 
the gully (weirs, wells, and instrumentation) served as additional reference points. 
Subsequent surveys of the gully were done in July and November of 1999 and in 
March and October of 2000. The July, 1999, survey focused only on the gully perimeter and 
the locations of instruments described in Chapter 3. The November, 1999, survey included 
the gully perimeter, instrument locations, and the perimeter of the incised channel feeding the 
gully. The detailed survey of March, 2000, was done too assess any changes in the 
topography of the actively eroding gully area within 20 m of the headcut. The survey was 
not extended farther downstream because erosion there was assumed to be minimal due to 
lower slope angles and the higher density of vegetation. The October, 2000, survey included 
only the gully perimeter. 
The survey data collected from 1963 to 1980 were incomplete in various ways. Most 
of the surveys were of only the gully perimeter. The detailed surveys of November, 1964, 
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November, 1967, and July, 1970, were based on transverse transects at uniform intervals. 
Such transects do not provide a complete description of the topography in the gully because 
the area between transects must be interpolated. The November, 1964, and November, 1967, 
surveys included the entire gully area down to the southernmost benchmarks. The July, 
1970, survey was less complete, including only the area within 10 m of the headcut. All of 
the surveys conducted between 1963 and 1980 used the same coordinate system but 
sometimes with different control points. 
To construct maps of the gully from both the old and recent surveys, reference points 
from the older surveys were transferred into the coordinate system of the 1999 survey. Old 
survey reference points were digitized from paper maps and imported into a GIS software 
package. The three reference benchmarks in 1999 were not the same distance apart as they 
had been in the past. To avoid errors in the transfer of the older data into the 1999 coordinate 
system, one benchmark was not used because the ground around it had slumped. The 
distance between the other two benchmarks was larger in 1999 than it had been in the past by 
about 1 %. This difference was probably due to shrinkage of the paper maps, and thus the 
assumption was made that the locations of the two benchmarks in 1999 were the same as 
they had been in the past. 
Four reference points are needed to transfer data from one coordinate system to 
another. Therefore, in addition to the two surviving, undisturbed benchmarks, two points had 
to be created arbitrarily in the 1999 and older reference sets. These four control points were 
then used to transfer surveys and maps into the 1999 coordinate system. Survey data from 
November, 1964, November, 1967, and June, 1970, were transferred from tabular summaries 
to spreadsheets and imported into a GIS software package. The gully perimeter surveys and 
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other less complete maps that had been created from 1963-1980 were digitized and 
transferred into the new coordinate system. The surveys in July and November of 1999 and 
in March and October of 2000 used the 1999 coordinate system. 
To approximate the valley bottom geometry before gullying, a pre-gully surface was 
created. From each survey, points farther than one meter from the gully perimeter were 
selected, combined into one data set, and used to interpolate the shape of the pre-gully 
surface. The pre-gully surface approximates the valley bottom in 1964. 
To compute the volume of the gully for each data set, three more steps were needed. 
First, contours were drawn from the survey data and for the pre-gully surface. Second, a 
three-dimensional surface for each survey was constructed as a TIN (Triangulated Irregular 
Network). A TIN partitions a data set into a group of contiguous, non-overlapping, triangles 
with an elevation value assigned to each node. Elevations between nodes are interpolated, 
allowing the generation of a three-dimensional surface. Finally, the three-dimensional 
surface for each survey was subtracted from the three-dimensional pre-gully surface to 
determine the gully volume. 
The 2000 and 1970 surveys did not extend as far down-gully as the 1964, 1967, and 
1999 surveys, and therefore, certain assumptions had to be made. The 2000 survey covered 
only the actively eroding bowl-shaped head of the gully. The portion of the gully farther 
south that had been stabilized by vegetation was not resurveyed. It was assumed that the 
change in area and volume of that portion of the gully was negligible over the 13 months 
between the 1999 survey and the 2000 survey. The 1970 survey did not include the entire 
actively eroding head of the gully. The elevation of the gully bottom in 1970 was assumed to 
have not changed from that in 1967. Contour lines were drawn with the limited 1970 survey 
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data and then extended down-gully using the shape of the 1970 gully perimeter as a guide. It 
was also assumed that between the completion of the 1967 survey and the 1970 survey, the 
gully did not change in volume where there had been no change in its area. 
Sediment Data 
Between 1964 and 1974, sediment yields from the gully were calculated from the 
difference between sediment discharges above the headcut and at the weir downstream from 
the gully. Sediment yields from the entire watershed were determined at the weir, where 
both sediment concentration and water discharge were measured. However, sediment 
discharges from above the headcut could not be determined directly because only sediment 
concentration was sampled there; water discharge was not measured there but was needed to 
calculate sediment discharge from the measured sediment concentration. Assuming runoff 
was linearly proportional to catchment area, water discharge above the headcut was 
estimated by multiplying the weir water discharge by the ratio of the catchment areas 
contributing runoff to the headcut and to the weir. The estimated water discharge above the 
headcut was then used to compute the sediment discharge there. After 197 4, sediment 
concentration and water discharge were also measured in the smaller incised channel that 
was feeding the western side of the gully by that time. Measured sediment yields from this 
small channel and estimated sediment yields from above the headcut were subtracted from 
the sediment discharge at the weir to determine the sediment yield contributed by the gully. 
To augment the survey data, since they were only available for a few years, gully 
volumes were computed from the yearly records of sediment discharge from the gully. The 
mass of sediment eroded each year from the gully, m, was converted to a volume of sediment 
eroded using the following relation: 
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v = !!!..._ 
' (1) Ps 
where Vis the volume of earth eroded and p8 is the dry bulk density of the soil before 
erosion. Values of dry bulk density were reported for loess alluvium in the area by Allen 
(1971). 
Bank-Displacement Observations 
Extensometers were installed in 1999 to record mass-wasting events at the western 
and northeastern sides of the headcut (Fig. 13). Related piezometer data will be discussed in 
Chapter 3. Cable extensometers (UniMeasure, model HX-PA-10) were mounted on posts 
anchored in concrete~ 1.5 m outside the vertical walls of the headcut; temperature-
insensitive cables from the instruments were extended horizontally to stakes driven to a depth 
of~ 0.5 m within 0.3 m of the gully wall. These extensometers recorded horizontal strain 
normal to the gully banks, and thus recorded bank-failure events as periods of rapid 
extension. These events, together with sporadic visual observations of bank failure, were 
used to estimate seasonal variability in the frequency of mass-wasting events during 1999-
2000. 
RESULTS 
Maps and visualizations of the gully are presented in Figures 13 and 14, respectively. 
The longitudinal slope of the gully has decreased only slightly with time, and the mean gully 
depth has remained relatively constant. Thus, the gully has not downcut, relative to the 
elevation of the bed downstream from 1964 to 2000, due to the construction of the weir in 
1963, which stabilized the bed elevation at the downstream end of the gully. A smaller but 
conspicuous incised channel, noted earlier, fed the west side of the gully by 1972. Oblique 
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Figure 13 . Topographic maps of the pre-gully surface and of the gully in 1964, 1967, 1970, and 1999. 
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November 1964 November 1967 
July 1970 February 1999 
Figure 14A. Three-dimensional visualizations of the gully. The visualizations are 
looking up-gully to the north. All visualizations are at the same scale. 
Colors indicate 1 m contour intervals. 
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November 1964 November 1967 
July 1970 February 1999 
Figure 14B. Three-dimensional visualizations of the gully. The visualizations are 
looking oblique to the gully to the northeast. All visualizations are at 
the same scale. Colors indicate 1 m contour intervals. 
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aerial images provide visualizations of the gully geometry in 1964, 1967, 1970, and 1999 
(Fig. 14). As the gully has extended, its walls have slumped, resulting in lower, more stable 
slopes (Lohnes and Handy, 1951) on which vegetation may grow, which further stabilizes the 
walls. 
Two recent surveys of the gully headcut are shown in Figure 15. The gully in 
February, 1999, had steep sidewalls with a fresh slump block located in its northeast comer. 
The wall there had slumped between late December, 1998, and early February, 1999. 
Between February, 1999, and March, 2000, significant portions of the gully slumped along 
its western edge and northeast comer, causing headward erosion of about two meters. This 
slumping reduced the mean slope of the gully headwall. 
Perimeter surveys document changes in the aerial extent of the gully through time 
(Fig. 16A). The increase in gully width has been relatively small compared to headward 
growth, particularly over the southern half of the mapped portion of the gully, which has 
maintained a width of 20 to 30 m. However, although the width of the gully was steady (~20 
m) along most of its length from 1964 to 1980, between 1980 and 1999 the gully width 
expanded by 20% or more along most of its length and the perimeter became more irregular. 
During that same period, the transverse cross-sectional profile of the gully became less U-
shaped and more V-shaped with a reduction in slope of the banks and a narrowing of the 
gully bottom (Figure 13). The gully eroded headward 100 m from 1964 to 2000 (Fig. 16B). 
The highest rates ofheadward growth occurred in 1965 and 1967 and the lowest in 1972 and 
1974. In most years, the gully grew headward between 1 and 3 m. Since this study began 
in October, 1998, the gully has not grown rapidly headward (3.4 min 2 years) but has grown 
rapidly in aerial (142 m2) and volumetric (479 m3) extent. 
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Figure 15. Topographic maps of the active area of the gully near the headcut showing changes in topography between 2/99 
to 3/00. 
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Figure 16A. Surveys of the gully perimeter between November 1964 and March 2000 
showing the line down the gully axis from which headward growth rate 
was calculated. For clarity, not all surveyed perimeters are shown. 
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To expand the record of gully volume to include the years in which only the 
perimeter of the gully was surveyed, the relation between the volume of the gully and its 
planimetric area was examined during years when both of these parameters were measured. 
There is a linear relationship between the area and volume of the gully (Fig. 17A), affirming 
the observation that the mean depth of the gully has remained relatively constant with time. 
Using this relationship, gully volumes were calculated from the gully perimeters (Fig. 17B). 
From 1964 to 2000, 9,200 m3 of sediment were removed from the gully, an average increase 
in gully volume of 256 m3 per year. Planimetric areas, volumes, and rates ofheadward, 
aerial, and volumetric growth are given in Appendix A. 
Due to headward gully growth, the catchment area contributing runoff to the gully 
headcut decreased in size by 28% from 1964 to 2000 (301,000 m2 to 218,000 m2), largely 
due to the divergence of the main headcut from the smaller incised channel that feeds the side 
of the gully. The catchment area contributing runoff to the weir decreased from 305,700 m2 
to 280,200 m2 in 1980 due to terracing, assuming terraces eliminated runoff. The catchment 
area contributing baseflow to the weir was 349,000 m2, including areas with terraces and 
other runoff retention structures. 
Annual summaries of precipitation, baseflow, runoff, total runoff, and sediment 
discharge are presented in Appendix A. In 1991, a negative discharge of sediment from the 
gully was recorded, indicating deposition. Deposition in the gully was probably due to 
sediment influx from the smaller incised channel feeding the side of the gully, where un-
vegetated sediment was exposed all year because of waterway engineering (reshaping). Two 
alternative explanations for the negative sediment discharge are a malfunctioning sampler at 
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Figure 17. (A) Relation between planimetric area and volume. (B) Total gully volume 
by year, calculated using linear function in A. 
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the gully headcut and consequent over-estimation of the sheet-rill sediment discharge or 
under-estimation of sediment discharge at the weir due to poorly sampled runoff events. 
A tight power-law relationship exists between annual runoff and sediment discharge 
(Fig. 18), ifthe negative sediment discharge recorded in 1991 is disregarded as an anomaly. 
Using this relationship, sediment yields from the gully were estimated for 1997 to 2000, a 
period when runoff, but not sediment discharge, was measured at the weir. 
Despite the extrapolation of gully area to gully volume made possible by the tight 
relation between area and volume, there are still large gaps in the record o_f gully volume, 
particularly from 1980 to 1999 when no surveys were completed (Fig. 17B). These gaps can 
be eliminated by calculating gully volumes from the record of sediment discharge from the 
gully using Equation (1). We thus fit the sediment discharge data to the surveyed gully 
volumes by first calculating V with Equation (1), using a bulk density of 1380 kg/m3, an 
appropriate mean for the four alluvial layers into which the gully is cut (Allen, 1971; 
Bradford and Piest, 1977; Bradford and Piest, 1980). To do so, note that Equation (1) 
underestimates gully volume because stream bedload was not measured at the weir and some 
sediment eroded from the gully was stored in the un-surveyed area upstream from the weir. 
The value ofV was thus increased by applying a correction factor, Cr, such that 
(2) 
where Ve is the larger corrected volume (m3/yr). Cr= 0.1 minimizes the sum of the squares 
of the residuals between values of Ve and the surveyed gully volumes and represents the 
fraction of gully volume not accounted for by the record of sediment discharge. The 
resultant record of gully volume calculated from the sediment discharge is shown in Figure 
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19. Gully erosion contributes an average of 34% of the total sediment yield of the watershed 
(Table E). 
We are now in a position to compare time series of gully volume and growth rate with 
records of precipitation, runoff, and baseflow (Fig. 20). The rate of gully growth is small 
between 1968 and 1976 and again from 1988 to 1997, whereas between 1964 and 1967, 1977 
and 1987, and 1997 and 1999 the gully grew more rapidly (Fig. 20A). Volumetric growth 
rates are in phase with runoff showing concurrent peaks in 1965, 1967, 1971, 1977, 1982, 
1984, 1986, 1987, and 1993. Runoff is clearly related to precipitation. There is no 
correlation between baseflow and volumetric growth rate. Baseflow appears to be gradually 
increasing with time, although not monotonically, while runoff does not display a long-term 
trend. A power function best describes the relationship between runoff and volumetric 
growth rate (Fig. 21). 
Normalization of the volumetric growth rate with respect to runoff is a measure of the 
erosion efficiency of runoff. There is a weak inverse correlation between the log of the gully 
volume and the volumetric growth rate normalized in this way (Fig. 22). A weak inverse 
correlation also exists between the normalized volumetric growth rate and time (Fig. 23). 
Seasonal variations in the efficiency of erosion by runoff become apparent when 
monthly values of sediment discharge and runoff are averaged over the 32-year period of 
record (Fig. 24). Erosion efficiency, as indicated by the ratio of sediment discharge to 
runoff, peaks in April and May, prior to the peak in runoff, and then declines through the 
summer and fall to a low in winter. 
Bank-displacement events, averaged over the 2-year monitoring period between 
October, 1998, and October, 2000, occurred most frequently during the months of April and 
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Figure 19. Annual gully volume determined by fitting the record of sediment discharge to 
surveyed gully volumes using Equations (1) and (2). A correction factor of 0.1 
in Equation (2) provides the best fit. 
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February with none occurring in September, October, and November (Fig. 25). A three-
month running average indicates that bank-displacement events have the highest probability 
of occurring in the spring, decreasing in number through the summer to a low in fall, and 
then increasing again during the winter (Fig. 25). This trend of the number ofbank-
displacement events is similar to that of runoff erosion efficiency (Fig. 26), except that 
during the winter months runoff erosion efficiency is low while the number of bank 
displacements is high. 
DISCUSSION 
Rates of gully growth measured in this study and reported in the literature are listed in 
Table 1. The average headward growth rate was 2.8 m/yr; the maximum headward growth 
rate was 19 .3 m/yr; the average volumetric growth rate was 256 m3 /yr; and the maximum 
volumetric growth rate was 1,082 m3 /yr. Three other studies have reported gully growth 
rates in loess or loess alluvium (Brice, 1966; Daniels and Jordan, 1966; Seginer, 1966). The 
maximum headward growth rates reported by Brice were 3.5 times higher than those reported 
in this study. He attributed rapid headcut advance to two factors: cattle overgrazing and 
other anthropogenic effects (cropped fields, road ditches, etc.) that increase runoff and 
minimal vegetation and ground cover in his study area. Palmer (1965) attributed high 
maximum headward growth rates to increases in runoff due to human activity, sandy soil 
(low cohesion), and slope instability caused by seepage and freeze-thaw processes. Ireland et 
al. (1939), Palmer (1965), Coelho Netto et al. (1988), and Derose et. al. (1998) also reported 
maximum volumetric growth rates higher than in this study. Ireland et al. cited increases in 
runoff due to human activity and lack of vegetation on gully walls. Coelho Netto et al. 
reported gully development dominated by seepage erosion, which was controlled by 
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Table I. Rates of gully growth. 
This study Western Iowa Valley-bottom 
Harvey, 1974 & 1992 NW England Valley-side 
Montgomery, 1999 California Discontinuous 
valley-side 
Vandekerckhovc ct al., SE Spain Valley-side, 
2001 -bottom 
Olofin, 1990 N Nigeria Valley-side 
Crouch, 1990 N.S.W. Australia Discontinuous 
valley-bottom 
Radoane et al., 1995 WRomania Valley-side 
Ooslwoud Wijdenes & Central Kenya Valley-bottom, 
Bryan, 1991 -head, and -side 
Tuckfield, 1964 S England Valley-side 
Burkard & E Shoreline of Valley-bottom 
Kostaschuk, 1995 & 1997 Lake Huron 
Lopez-Bermudez & SE Spain Discontinuous 
Romero-Diaz, I 989 valley-head, -side 
Seginer, 1966 S Israel Valley-bottom, 
-head, and -side 
Daniels and Western Iowa Valley-bottom, 
Jordan, 1966 -head, and -side 
Brice, 1966 Nebraska Valley-head, -side 
Coelho Netto et al., 1988 SE Brazil Valley-bottom, 
-side 
lreland el al., 1939 Georgia Valley-head, -side 
Palmer, 1965 New Hampshire Valley-head, -side 
Brice, 1966 Nebraska Valley-bottom 
Derose et al., 1998 NE New Zealand Valley-head, -side 
Locss alluvmm 
Glacial deposits 
over mudstone 
Clay-rich B horizons 
Marl rcgolith, 
limestone, gravel, clay 
Windblown fine sand 
and silt over rcgolith 
Sandy loam and clay 
Marls and clays, sands 
Silt loam 
Sand, gravel, and clay 
Glaciolacustrine 
and glacial clays 
Marl regolith 
Verlisols and locss 
Locss alluvium 
Loess 
Colluvium and saprolite 
Weathered crystalline 
regolith or grus 
Very fine sandy loam 
Loess 
Crushed mudstone 
and thin sandstone 
Average Annual Headward Growth Volumetric Growth 
-
830 avg: 2.8 avg:256 
max: 19.3 max: l,082 
1400 avg: 0.2 avg: 1.0 
1080 max: 0.5 avg: 1.8 
300 avg: 0.1 avg: 3.9 
max: 1.3 max: 245.2 
860 avg: 2.3 avg: 8.6 
max: 4.7 max: 20.4 
600 avg: 2.5 avg: 14.9 
max: 6.7 max: 21.1 
500 avg: 3. l 
max: 7.8 
655 avg: 5.6 
max: 14.2 
805 max: 25.6 avg: 10.0 
max: 25.5 
1015 avg: 2.3 
max: 33.4 
350 avg: 22.5 
350 avg: 1.2 max: 180 
max: 11.5 
680 avg: 4.1 
max: 14.3 
500 avg: 10.2 
max: 214 
1500 avg: 791 
max: 1604 
1240 avg: 3.8 max: 1,700 
max: 16.4 
970 max: 68.3 avg:296 
max: 2,430 
500 avg: 37.9 
max: 69.3 
2000 avg: 37,050 
max: 208,500 
.i;.. 
0\ 
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lithology and accelerated by piping through ant tunnels. Derose et al. attributed high gully 
growth rates to deforestation. 
Effects of conservation practices on the watershed hydrology and rates of gully 
erosion are unclear. Construction of terraces on the east side of the watershed in 1980 may 
have increased infiltration, and hence, may have caused the 80% increase in baseflow 
entering the gully since 1980 (Fig. 20C). Increased baseflow after 1980 may have 
destabilized steep gully walls, causing the 20% increase in width and the change in the 
transverse cross-sectional profile from U-shaped to V-shaped between 1970 and 1999 (Fig. 
13). 
Annual rates of gully growth are best related to annual runoff discharge through the 
gully with a power function (Fig. 21 ), similar to the relation between sediment and water 
discharge in studies of stream channels (Leopold and Maddock, 1953). This indicates that 
over periods of years to decades the capacity of the axial stream of the gully to transport 
sediment has limited the rate of gully growth. 
There is a weak inverse correlation between gully growth rate, normalized with 
respect to runoff, and both gully volume and time (Fig. 22 and 23). Seginer (1966) suggested 
that the growth rate of gullies will decrease with time, but did not explain why. Graf (1977) 
studied dendrochronological evidence of gully extension in Colorado and proposed a rate 
law, similar to that ofradioactive isotope decay, in which headward gully erosion decreases 
at a rate proportional to the watershed area remaining upslope. Others have demonstrated 
that if a catchment area is smaller than a specific threshold value, gully erosion cannot 
proceed due to insufficient bed shear stress (Patton and Schumm, 1975; Montgomery and 
Dietrich, 1989; Prosser and Abernethy, 1996). On the other hand, Harvey (1992) observed 
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that sediment eroded from gully heads was stored just downstream from headcuts in channels 
until it was removed during floods. As the gullies grew, not all sediment in storage was 
removed, reducing slope angles and permitting vegetation and stabilization of parts of the 
gully, thereby decreasing growth rate with time. 
We favor an explanation similar to Harvey's: as the gully grows a decreasing fraction 
of it becomes accessible to runoff, thereby increasing the fraction of debris slumped from the 
gully walls that is not readily removed by the gully's axial stream. Stored sediment is then 
further stabilized by vegetation. Since gully growth rate is normalized with respect to runoff, 
the explanation of Graf is inapplicable. 
Seasonal variations in runoff efficiency, as indicated by the ratio of sediment 
discharge to runoff (Fig. 24 ), provide information about the role of mass wasting in the 
growth of the gully. Runoff efficiency peaks in April and May, before the peak discharge in 
June, and decreases gradually through the summer. Bradford and Piest (1980) noted that the 
amount of sediment removed from a gully by runoff over short time-scales may be 
determined largely by the supply of sediment mass-wasted from gully walls. Graphs of 
runoff erosion efficiency and the number of monthly bank-displacement events are very 
similar, except during the winter months (Fig. 26) when runoff erosion efficiency is low 
because mass-wasted debris is frozen and cannot be easily entrained by runoff. 
The balance between mass wasting of gully walls and runoff is an essential aspect of 
gully growth. Mass wasting contributes sediment to the gully axis, making sediment 
available for removal by runoff. Clearly, in the absence of runoff, volumetric growth of the 
gully would stop; sediment would only be repositioned as gully walls reduced their slopes 
due to mass-wasting and would eventually stabilize, halting gully growth. Removal of 
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sediment from the gully axis by runoff, however, keeps the gully walls steep and prone to 
mass-wasting. This mass-wasting causes headward growth and widening of the gully. Thus, 
although the correlation between runoff and gully growth is clear, a thorough understanding 
of gully growth requires that the factors driving mass-wasting be explored. 
CONCLUSIONS 
In the deep loess hills of western Iowa, a valley-bottom gully in loess alluvium has 
eroded headward 100 m and removed 9,200 m3 of sediment in 36 years, accounting for 34% 
of the total sediment yield fromthe watershed. After 1980, increased baseflow, possibly 
caused by the construction of terraces, may have contributed to gully-wall destabilization and 
evolution to a more V-shaped transverse gully profile. Gully growth rate and runoff 
discharge were tightly correlated, indicating that the long-term volumetric growth rate of the 
gully was controlled by the magnitude of runoff. Gully growth rates decreased with time and 
with increasing gully volume, perhaps due to isolation of mass-wasted debris from runoff. 
Runoff efficiency was highest in spring and decreased gradually through the summer, as less 
sediment from mass wasting became available, indicating the important role of mass wasting 
in providing sediment for fluvial removal. 
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CHAPTER 3. FACTORS AFFECTING BANK COLLAPSE IN A 
VALLEY-BOTTOM GULLY, LOESS HILLS, WESTERN IOWA 
INTRODUCTION 
Despite the negative effects of gully erosion on agriculture, engineering works, and 
water quality, mechanisms of gully growth are not fully understood. The effect of runoff on 
gully erosion is reasonably well-known (Ireland, 1939; Schumm and Hadley, 1957; Patton 
and Schumm, 1975; Bryan, 1990; Olyphant et al., 1991; Robinson and Hanson, 1996), but 
the role of groundwater flow is less clear (Ireland, 1939; Palmer, 1965; Bradford and Piest, 
1977; Bradford and Piest, 1980; Gardener, 1983). Recent studies ofhillslope stability and 
gully erosion have indicated that groundwater may have a significant effect on gully 
enlargement (Iverson and Major, 1986; Howard and MacLane, 1988; Dunne, 1990; Higgins, 
1990; Martin and Jakutowicz, 1998; Chase, et al. 1999). Determining the role of 
groundwater flow in gully growth is important because conservation efforts usually decrease 
surface flow at the expense of increasing groundwater flow. 
In this two-year study, bank collapse and groundwater flow were monitored at a 
large, valley-bottom gully in the Deep Loess Region of western Iowa. The stratigraphy and 
hydraulic conductivity of the gully banks were characterized and precipitation, hydraulic 
head in the banks, and bank displacement were monitored continuously to help elucidate the 
role of subsurface flow in enlarging the gully by mass wasting. 
SETTING 
The general geologic setting, location, geometry, and vegetation of the gully was 
described in Chapter 2, but more detail regarding the stratigraphy is provided herein. 
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Daniels and Jordan (1966) identified six different alluvial fills of the Holocene age 
DeForest Formation in a study of three streams in Harrison County, Iowa. As part of an 
extensive drilling program, the subsurface distribution of these fills was mapped and the fills 
related to erosion surfaces on valley slopes. Allen (1971) studied the geomorphology of 
Watershed #3 of the Deep Loess Experimental Research Station, now managed by the 
National Soil Tilth Laboratory of the USDA-NRCS. His study of the stratigraphy and 
properties of Holocene alluvium in a small, upland watershed recognized the same sequence 
of alluvial fills. These studies showed that these alluvial fills, the Soetmelk, Watkins, 
Hatcher, Mullenix, and Turton members, and post-settlement alluvium, were wide spread and 
occupied predictable geomorphic and stratigraphic positions. 
Bettis (1990) revised the stratigraphy of the DeForest Formation to make it applicable 
to various landscape regions of the Upper Midwest (Fig. 1 ). He excluded the Soetmelk 
Member because it is of Wisconsinan age, rather than Holocene, and added the new 
Corrington and Camp Creek Members. The Turton and Mullenix Members became beds in 
the Roberts Creek Member, and the Hatcher and Watkins Members became beds in the 
Gunder Member. In Iowa, the Turton and Mullenix Beds and the Hatcher and Watkins Beds 
can be differentiated only in the Loess Hills and Deep Loess Regions of western Iowa. 
Gunder Member deposits unconformably overlie coarse-grained older alluvium, 
loess, glacial till, and bedrock. They are separated from younger Deforest Formation 
deposits by a fluvial erosion surface or a buried soil. The Watkins Bed is the deeply buried, 
basal bed of the DeForest Formation and consists of stratified, calcareous silt loam, loam, 
and sand. The bed is usually reduced and ranges in color from greenish gray to olive brown, 
often with secondary iron oxide accumulations. The bed is separated from overlying 
DeForest 
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Figure lA. Generalized relationships among Holocene alluvial stratigraphic units in western 
Iowa. From Bettis ( 1990). 
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Figure lB. Chronogram of the DeForest Fm. in western Iowa. The chronogram shows 
stratigraphic and chronologic relationships among DeForest Fm. units 
proceeding from upper reaches of the drainage network (left side of the 
diagram) to lower reaches (right side of the diagram). From Bettis (1990). 
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deposits by a fluvial erosion surface or a buried soil. The Hatcher Bed consists of massive, 
calcareous to noncalcareous, brown to yellowish brown, oxidized silt loam, with coarser beds 
often present near its base. Weathered, abraded, carbonate concretions are often found 
oriented with their long axis horizontal to subhorizontal, indicating transport to their present 
location. 
The Corrington Member consists of very dark brown to yellowish brown, oxidized 
loam to clay loam, with interbedded lenses of sand and gravel. The unit is stratified and 
contains several buried soils. The Corrington Member can grade laterally into Gunder 
Member deposits. Corrington Member deposits are alluvial fan deposits located where 
small- and moderate-sized valleys enter large valleys. 
Roberts Creek Member deposits can overlie the Gunder and Corrington Members, 
coarse-grained older alluvium, loess, and till. They are separated from younger DeForest 
Formation deposits by a fluvial erosion surface or a buried soil. The member consists of very 
dark gray to dark grayish brown stratified silt loam, clay loam, and loam. The Mullenix Bed 
exhibits medium to coarse columnar structure and often contains thin, lenticular bodies of 
sand and gravel in lower parts of the bed. It is typically 1 to 4 m thick. The Turton Bed is 
typically 1 to 4 m thick and occurs as a fill inset into or overlapping the Mullenix Bed in the 
floodplain of modem channels. 
The Camp Creek Member comprises deposits formerly known as "postsettlement 
alluvium" (Daniels and Jordan, 1966). This unit consists of stratified, calcareous to 
noncalcareous, very dark gray to brown silt loam to clay loam. It is inset into or 
unconformably overlies the Gunder, Corrington, and Roberts Creek Members. The thickness 
of the unit is 0.05-5 m. 
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METHODS 
Groundwater 
In order to study effects of groundwater on gully wall stability, pore-pressure sensors 
were installed adjacent to the gully perimeter. Both strain-gage and vibrating-wire pressure 
sensors were used. The strain-gage sensors were made from Micro Switch 26PC differential 
pressure sensors with a sensitivity of0.97 mV/kPa and a pressure range of 103 kPa. The 
pressure sensor was soldered to a four-conductor, shielded, plenum cable. Each sensor and 
its connections were placed inside a 75 mm long, 26.5-mm diameter polyvinyl chloride 
(PVC) pipe. The sensor head was covered with a monofilament cloth of74-micron nylon 
mesh to screen soil particles. To seal the sensor electronics from water, the pipe and sensor 
were coated with a primer, and the pipe was filled with a two-component epoxy to the tip of 
the sensor head. The epoxy was a non-shrink, low viscosity, urethane compound that 
became a rigid, rubber-like material once cured. Geokon 4500AL-25 vibrating-wire sensors, 
which utilize the relationship between the resonant frequency of vibration of a steel wire and 
the tension in the wire, were also used. Temperature was recorded each time the vibrating-
wire was excited to negate any temperature-induced changes in frequency. A filter stone 
with a 50-micron pore size protected the transducer's diaphragm from soil particles. The 
sensors had a sensitivity of 0.043 kPa, an accuracy of 0.170 kPa, and a pressure range of 170 
kPa. 
In the banks near the gully headcut, 18 of the strain-gage pressure sensors were 
buried (Fig. 2). The sensors were installed by hand-augering a 57-mm diameter hole to the 
desired depth. In July 1999, a 102 mm auger head was used as deep as possible, with boring 
continuing to greater depth with the 57-mm diameter hand-auger head. Sensors were guided 
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to the bottom of holes with a thin steel rod. Sand was poured slowly into a hole until it 
covered the sensor by about 0.1 m. The rest of the hole was backfilled with bentonite chips. 
Two five-sensor arrays were installed in November, 1998: one perpendicular to the west side 
of the gully and the other perpendicular to the east side of the headcut. In July, 1999, eight 
more sensors were installed: four on the west side and four on the east side of the gully 
headcut. 
Piezometers were installed around the gully headcut for pressure-sensor placement, 
estimation of hydraulic conductivity, and water-level measurement. Piezometers were 
installed by hand-augering a 102-mm diameter hole to the desired depth. In addition, a 
Giddings probe was used to drill 14 holes. Screens, 0.3 m long (one screen was 0.76 m long) 
with a 0.0635-mm slot size, were threaded to the end of 42-mm diameter PVC pipe and 
inserted into the center of each hole. Sections of pipe, 1.5 m long, were added until the pipe 
was exposed above the ground surface. The hole was filled with sand until the top of the 
sand was at least 0.35 m above the top of the well screen. The rest of the hole was backfilled 
with bentonite chips. Each well was pumped with a Waterra bailer at several times during 
the week after installation to ensure that the piezometer was developed. A 76-mm diameter 
PVC pipe was placed around each wellhead, buried to a depth of 0.15 m, and capped to 
protect piezometers from rain and animals. Around the gully headcut, 28 piezometers were 
installed in six different arrays (Fig. 2). 
Two seven-sensor piezometer arrays were installed in July, 1999 (Fig. 2). One of 
these arrays, on the west side of the gully, contained five piezometers perpendicular to the 
gully wall with two more offset one meter to the south. The other array, on the east side of 
the gully near the headcut, was configured similarly. In both arrays, piezometers offset from 
Location of 
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Figure 2. Location of pressure sensors, extensometers, and observation wells in relation to 
expanding gully perimeter. Also labeled are piezometers used in slug tests. 
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the main string were installed with strain-gage pressure sensors, while piezometers of the 
main strings were installed with vibrating-wire pressure sensors. 
A slump of the east bank of the gully in August, 1999, exhumed six of the seven 
sensors in piezometers. To remedy this, four new piezometers were installed with vibrating-
wire sensors in October, 1999 (Fig. 2). The sensors were arranged roughly perpendicular to 
the gully bank, incorporating the one original vibrating-wire sensor piezometer that was not 
destroyed. 
In November, 1999, ten new piezometers were installed (Fig. 2). In the northeast 
comer of the gully near the headcut, four piezometers were installed with strain-gage 
pressure sensors. Six other piezometers were built to act as observation wells to hand-
monitor groundwater levels and to check the output from nearby sensors. The six 
observation wells were placed near strain-gage sensors that had been buried on the west side 
of the gully. Specific information, such as sensor type, depth, elevation, and array location, 
installation date, screen depth, and sand thickness, for all pressure sensors and observation 
wells are listed in Appendix B, Table A. 
Some problems were encountered during sensor and piezometer installation. A major 
problem during initial sensor installations was bridging of bentonite and sand at the water 
surface in the borehole. This was remedied by increasing the borehole diameter. Another 
problem arose using the Giddings probe: vibrations from the probe caused minor collapses of 
borehole walls. These installation problems caused only two sensors to be unusable. 
Each sensor calibration was checked before installation. A clear, acrylic pipe, 3.1 m 
in height, with a valve at the bottom, was setup in the lab to check sensor calibration. 
Another clear, acrylic pipe, 2 m in height, was cemented to a flat base for field calibration of 
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strain-gage pressure sensors exhumed by bank failures and to check sensors for calibration 
drift since their initial deployment. 
Bank Displacement 
To measure bank displacement, UniMeasure HX-PA-10 extensometers were placed 
around the gully perimeter (Fig. 2). An extensometer records linear displacement. An 
internal capstan and sensing device produce a voltage proportional to the displacement of a 
wire rope that extends from the sensor. Extensometers had a sensitivity of 3.73 mVN/mm, 
an accuracy of0.13%, and a range of0.27 m. An internal torsion spring kept tension in the 
wire rope and acted as a retraction mechanism. Each extensometer was attached to a metal 
stake anchored in the ground with concrete (Fig. 3). Either a 1.6 m length of aircraft cable or 
a 1.6 m temperature-invariant, alloy wire (1.14 mm in diameter with an expansion coefficient 
of less than 0.1 parts per thousand at temperatures up to 100° C) was attached to the end of 
each wire rope to increase the reach of the sensor. The alloy wire or aircraft cable was 
attached to a flat metal stake driven into the ground to a depth of 0.6 m, 0.3 m from the gully 
perimeter. Thus, any changes in the length of wire rope drawn from the extensometer 
recorded relative motion between this stake (Bin Fig. 3) and the stake that held the 
extensometer (A in Fig. 3). Metal shields were pounded into the ground to protect the 
exposed wire ropes, and 0.45-m sections of PVC pipe, 152.4 mm in diameter, fitted with a 
cap, covered the stakes that held the extensometers. The shield, pipe, and cap protected the 
extensometers from birds and rodents. In November, 1998, two extensometers were 
positioned adjacent to the main east and west sensor arrays. The east extensometer was 
repositioned near the east array twice after failure of the banks. Another extensometer was 
placed near the sensor array northeast of the gully in November, 1999. The west 
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Figure 3. Method for measuring bank displacement. 
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extensometer was repositioned near the northwest sensor array in March, 2000, after failure 
of the west bank of the gully. 
Erosion pins were also used to measure bank erosion from November, 1998, to 
August, 1999. Steel rods, 7 mm in diameter, were cut into 0.3-m and 0.9-m sections and 
inserted into the base of the gully walls below the level of seepage. They were placed every 
2.5 m from the west sensor array around the headcut to the northeast sensor array. About 
every two months the exposed length of each steel rod was measured. Monitoring of the 
erosion pins was discontinued because they could not be measured with sufficient frequency 
to provide a continuous record of erosion. 
Weather 
Temperature, rainfall, and barometric pressure data were collected every hour. 
Temperature and rainfall were recorded at two locations: in a field within 200 m of the gully 
headcut and at the Deep Loess Research Station, 3.5 km to the north. Rainfall was recorded 
by a tipping bucket rain gage. Barometric pressure was recorded at the Deep Loess Research 
Station. 
Data Acquisition 
Pressure-sensor and extensometer electrical cables, contained within flexible, black 
PVC tubing, were buried in trenches, running from each sensor array to a shed, 15 m 
upstream from the gully headcut, where the data-logging equipment was stored. Two 
Campbell CRlOx dataloggers were used to excite the pressure sensors and extensometers and 
record their signals. A multiplexer, which increases the number of sensors a datalogger can 
read, was used to help log the pressure sensors. The vibrating-wire leads ran to a vibrating-
wire interface, which split the signal into pressure and temperature components. Both 
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dataloggers were programmed to excite all sensors every 20 minutes with 2.5 volts, except 
for vibrating wire sensors, which were excited with 2.3 to 3.4 kHz. Return signals were 
recorded and stored in an external module. Data from this module and from the barometer, 
rain gages, and thermometers were downloaded by Deep Loess Research Station employees 
and emailed to Iowa State every two weeks. 
Raw data required some processing. Signals from the vibrating-wire sensors were 
converted to engineering units using a factory-supplied calibration. Signals from the strain-
gage sensors were converted to engineering units using calibrations determined in the 
laboratory. Further processing of both pressure-data sets included adjusting the data for the 
elevation at which the sensor was located and for the effect of barometric pressure. 
Stratigraphy 
To characterize the stratigraphy immediately adjacent to the gully, 11 boreholes were 
dug with a hand auger to the greatest depth possible (Fig. 4, blue dots). Depth, color, texture, 
grain size and sorting, presence of organic matter, and any bedding structures were noted for 
each boring. Borehole descriptions from other wells adjacent to and upstream from the 
headcut, installed by the National Soil Tilth Laboratory, were also used to help describe the 
stratigraphy (Fig. 4, green dots). 
Alluvium Properties 
Soil property data were compiled from past studies of DeForest Formation alluvium 
in Watershed #3 of the Deep Loess Research Station. To determine if the alluvial layers seen 
in Watershed #1 had a similar particle-size distribution to those previously studied in 
Watershed #3 (Allen, 1971; Bradford and Piest, 1977; Bradford and Norton, 1983), grain-
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Figure 4. Locations of boreholes and wells used to characterize the gully stratigraphy, 
stratigraphic cross-sections shown in Figures Sa, b, and c, and particle size 
analyses shown in Table 2. Also shown is the incised channel that feeds the gully 
and the gully perimeter in February, 1999, and October, 2000. 
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size distributions of seven samples collected from boreholes were measured using analytical 
equipment within the Iowa State University Agronomy Department. 
Slug tests were performed to determine the hydraulic conductivity of the stratigraphic 
layers adjacent to the gully. Rising and falling slug tests for eight piezometers were 
performed using a water-level tape indicator and three slugs that were 25.4 mm in diameter 
and 760, 608, and 308 mm in length. Each slug test was analyzed using both the Hvorslev 
and Bouwer-Rice methods (Fetter, 1994). Slug test data are presented in Appendix B, Tables 
B-I and Figures A-H. 
RESULTS 
Stratigraphy 
Due to the similar physical characteristics of the Turton and Mullenix beds and of the 
Hatcher and Watkins beds, they have not been differentiated. Instead, alluvial/colluvial 
sediments of the DeForest Formation have been classified as the Camp Creek, Roberts 
Creek, or Gunder Members. The alluvial layers seen in Watershed #1 were found to have 
particle-size distributions and stratigraphic properties similar to those previously studied in 
Watershed #3. 
Stratigraphic cross-sections across the axis of the valley bottom and through the 
gully, headcut, and incised channel are represented in Figure SA, B, and C, respectively. The 
locations of the cross-sections are shown in Figure 4. The incised channel has eroded into, 
but not through, the Roberts Creek Member, while the gully has eroded deeply into the 
Gunder Member. The gully headcut cuts through the bottom 0.5 m of the Roberts Creek 
Member and into the top 1.5 m of the Gunder Member. 
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Deposits of the Gunder Member, loess, and till are closer to the surface on the east 
side of the gully and incised channel (Fig. 5) because the gully and incised channel are close 
to the east side of the valley bottom. Roberts Creek and Gunder Member deposits on the east 
side of the gully are yellower in color (Table 1), and are coarser, with higher silt and lower 
clay contents (Table 2), probably because of their proximity to the loess parent material on 
the adjacent upland. Hydraulic conductivity values are consistently lower on the east side of 
the gully (Table 3 and Fig. 2), perhaps due to more poorly developed horizontal pores in 
material closer to the upland (Daniels and Jordan, 1966). 
The Roberts Creek and Gunder Members have notable differences. The Roberts 
Creek Member is dark colored and friable whereas the Gunder Member is brown or gray, 
sticky, and plastic (Table 1 ). The Gunder Member tends to be more silty than the Roberts 
Creek Member directly above it, and its particle-size distribution is more internally variable 
(Table 2). The Roberts Creek Member (Turton and Mullenix Beds) has more sand and less 
silt than the Gunder Member (Hatcher and Watkins Beds) (Tables 2 and 4). Percentages of 
clay, a major determinant of soil mechanical behavior, are consistently between 24 and 30% 
for both the Roberts Creek and Gunder Members. 
The most striking difference between these units is that the Gunder Member has a 
hydraulic conductivity that is 2 to 3 orders of magnitude lower that that of the Roberts Creek 
Member (Table 3). This difference in hydraulic conductivity is probably due to the presence 
of many vertical and horizontal macropores and fractures in the Roberts Creek Member and a 
lack oflarge pores in the Gunder Member, as was suggested by Bradford and Piest (1977) for 
the Turton and Mullenix Beds, assumed to be equivalent to the Roberts Creek and upper 
Gunder Members of this study. They reported a difference of five orders-of-magnitude in the 
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Table 1. Detailed soil profiles near gully headcut. 
Location: NE Y.. SW Y.. sec. 35 T74N R42W Pottawattamie County, Iowa 
Landscape position: valley bottom - west of gully headcut 
Parent material: alluvium 
Date described: 5/15/00 
Elevation: approximately 350 meters 
Depth Soil 
1£m)_ Horizon 
0-55 Ap 
55-140 A 
140-260 Bw 
260-315 c 
315-365 2Ab 
365-base 2Bgb 
(425) 
Description 
DeForest Fm.; Camp Creek Mbr. 
dark grayish brown to brown (lOYR 4/2-4/3), silt loam, granular, friable, 
noneffervescent, abrupt boundary, roots 
DeForest Fm.; Roberts Creek Mbr. 
black to very dark gray (lOYR 2/1-3/1), silt loam, granular, friable, noneffervescent, 
gradual boundary, roots 
very dark gray to very dark grayish brown (lOYR 3/1-3/2), silt loam, subangular 
blocky, friable, noneffervescent, gradual boundary, roots, few very thin clay coatings, 
common brown (10 YR 4/3-5/3) mottles 
dark grayish brown (lOYR 4/2), silt loam, subangular blocky to massive, friable, 
noneffervescent, abrupt boundary, many organic fragments from 305-315, brown 
(10 YR 4/3-5/3) mottles decrease with depth 
DeForest Fm.; Gunder Mbr. 
gray (lOYR 5/1) with green/blue tint, gleyed, silt loam, massive, few lenses oflight 
yellowish gray {lOYR 6/2) silt, sticky, plastic, noneffervescent, gradual boundary, 
roots and organic fragments, reduced, few brown {lOYR 4/3) mottles 
gray (lOYR 5/1) with green/blue tint, gleyed, silt loam, massive, few lenses oflight 
yellowish gray (lOYR 6/2) silt, sticky, plastic, noneffervescent, few very thin clay 
coatings, roots, reduced, few brown ( 1 OYR 4/3) mottles, could not penetrate next unit 
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Table 1. (continued). 
Location: NE 11. SW 11. sec. 35 T74N R42W Pottawattamie County, Iowa 
Landscape position: valley bottom - east of gully headcut 
Parent material: alluvium & colluvium 
Date described: 5/15/00 
Elevation: approximately 350 meters 
Depth Soil 
Jfm.L Horizon 
0-35 Ap 
35-100 A 
100-240 Bw 
240-305 c 
305-345 2Ab 
345-base 2Bwb 
(365) 
Description 
DeForest Fm.; Camp Creek Mbr. 
brown (lOYR 4/3), silt loam, granular, carbonate concretions, friable, noneffervescent, 
abrupt boundary, roots 
DeForest Fm.; Roberts Creek Mbr. 
black to very dark gray (lOYR 2/1-3/1), silt loam, granular, friable, noneffervescent, 
gradual boundary, roots, common brown (10 YR 4/3-5/3) mottles 
very dark grayish brown to dark brown (lOYR 3/2-3/3), silt loam, subangular blocky, 
friable, noneffervescent, gradual boundary, roots, few very thin clay coatings, common 
brown (10 YR 4/3-5/3) mottles 
dark grayish brown to brown (lOYR 4/2-4/3), silt loam, subangular blocky to massive, 
friable, noneffervescent, gradual boundary, roots and organic fragments, brown 
(10 YR 4/3-5/3) mottles 
DeForest Fm.; Gunder Mbr. 
yellowish brown (lOYR 5/4), silt loam, massive, few lenses oflaminated silt, sticky, 
plastic, noneffervescent, gradual boundary, organic fragments, few brown (lOYR 4/3) 
mottles 
yellowish brown (lOYR 5/4), silt loam, massive, few lenses oflaminated silt, sticky, 
plastic, noneffervescent, few very thin clay coatings, few brown ( 1 OYR 4/3) mottles, 
could not penetrate next unit 
Table 2. Particle size analysis. 
Borehole 
Well# 
RE-1.1-14 
#8 
#9 
RW-1.1-17 
#I 
#I 
#5 
Side of Depth 
Gullv (m) %Sand 
East 4.2 3.9 
East 3.4 4.3 
East 3.0 2.7 
West 4.9 2.5 
West 2.9 5.4 
West 3.4 3.2 
West 2.4 3.9 
% Coarse 
Silt 
44.6 
48.1 
47.4 
41.8 
40.2 
37.8 
40.7 
% Fine 
Sil 
28.2 
24.7 
21.9 
29.5 
22.8 
25.3 
23.5 
% Very 
Fine Silt 
NA 
3.9 
3.8 
NA 
5.7 
1.4 
4.1 
Total 
%Silt 
72.8 
76.7 
73.1 
71.3 
68.7 
64.5 
68.3 
%Cl 
23.3 
16.8 
20.7 
26.2 
22.l 
28.0 
23.6 
Average particle-size distribution(%) 
DeForest Fm. Member Sand Silt Cl 
Roberts Creek 4.7 68.5 26.9 
Gunder 3.3 71.7 25.0 
Total 3.7 70.8 25.5 
% Fine 
Cl 
NA 
2.2 
3.5 
NA 
3.8 
4.3 
4.2 
Total 
%Cl 
23.3 
19.0 
24.2 
26.2 
25.9 
32.3 
27.8 
Total 
o/c 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
DeForest Fm. 
Memb 
Gunder 
Gunder 
Gunder 
Gunder 
Roberts Creek 
Gunder 
Roberts Creek 
-.] 
v. 
Table 3. Hydraulic conductivity of the Roberts Creek and Gunder Members calculated from slug test data. 
Roberts Creek Member 
West side of gully Hvorslev Bouwer-Rice East side of gully Hvorslev Bouwer-Rice 
Screened K K Screened K K 
Well Name Interval (m) (m/sec) (m/sec) Well Name Interval ( m) (m/sec) (m/sec) 
RW 2.2-11 2.74 - 3.05 l.lE-04 l.OE-04 A 2.57 - 2.87 2.2E-05 8.3E-06 
RW 1.3-10 2.74 - 3.05 3.6E-05 2.IE-05 c 2.59 - 2.90 5.6E-05 2.SE-05 
E 2.95 - 3.25 3.2E-05 I.SE-OS 
H 2.87-3.18 3.2E-06 l.9E-06 
Gunder Member 
West side of gullv Hvorslev Bouwer-Rice East side of gullv Hvorslev Bouwer-Rice 
Screened K K Screened K K 
Well Name Interval (ml (m/sec) (m/sec) I Well Name Interval (m) (m/sec) (m/sec) 
RW l.2-13 3.66 - 3.96 2.4E-07 7.7E-08 r I 3.48 - 3.78 l.3E-07 8.0E-08 
RWC-1-15 4.57 - 4.88 2.SE-09 NA 
-...J 
O'I 
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Table 4. Particle-size distribution of the Turton, Mullenix, Hatcher, and Watkins 
Beds of the DeForest Formation. 
Bradford & 
Piest (1977) 
Bradford & 
Norton (1983) 
DeForest 
F B d m. e 
Turton 
Mullenix 
Hatcher 
Watkins 
Turton 
Mullenix 
Hatcher 
Watkins 
DeForest Fm Beds 
Turton & Mullenix 
Hatcher & Watkins 
Total 
Sample 
D th ( ) ep m 
0-3.35 
3.35-4.57 
4.57-8.53 
8.53-10.06 
0.71-1.02 
1.83-2.15 
3.96-4.28 
7.01-7.33 
Particle-size distribution (%) 
Sand Silt Silt Clay 
2 - 0.05 0.05 - 0.02 0.02 - 0.002 <0.002 
mm mm mm mm 
5 37 29 30 
4 37 31 29 
4 41 30 25 
3 39 33 25 
3 42 26 29 
4 41 26 29 
4 46 25 25 
4 49 23 24 
Average particle-size distribution (%) 
Sand Silt Clay 
3.83 67.16 29.05 
3.76 71.58 24.81 
3.80 69.37 26.93 
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hydraulic conductivity of the two beds, from 2.2-8.7 x 10-4 mis in the Turton Bed to 8.3 x 
10-9 mis in the Mullenix Bed. 
Given that the particle-size distributions and hydraulic conductivity values are so 
similar in this study to those from previous studies of Watershed #3, I assume that values for 
bulk density, cohesion, and friction angle are also similar. Bulk density increases with depth, 
with an average value of about 1380 kg/m3 (Fig. 6). Cohesion averages 7.9 kPa, and friction 
angles average 24° (Table 5) (Bradford et al., 1973; Bradford and Piest, 1977, 1980; 
Bradford and Norton, 1983). 
Groundwater 
Although piezometer installation was aimed at monitoring groundwater flow at only a 
few locations near the gully where wall failure seemed most probable, the water table around 
the gully headcut could still be contoured from the data, albeit with considerable uncertainty 
(Fig. 7 A). Contours closest to the gully approached parallelism with the gully perimeter, 
whereas contours farther away from the gully indicate a substantial flow component down-
valley. A cross-section of the water table on the west side of the gully (Fig. 7B) shows 
steepening of the water table near the gully wall, as indicated by direct observation of the 
elevation of water seeping from the gully wall in conjunction with piezometer measurements. 
Piezometers in Figure 7B were hydraulically connected to the more permeable Roberts Creek 
Member, owing to sand packs around the piezometers that extended upward into the Roberts 
Creek Member. 
The effect of groundwater flow on bank failure will depend on the hydraulic gradient 
in the immediate. vicinity of the gully wall. Groundwater flow through the Roberts Creek 
Member is of greatest interest since it was in this member that gully-wall failures were 
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Table 5. Direct shear test results of the Turton, Mullenix, 
Hatcher, and Watkins Beds of the DeForest Formation. 
Bradford & 
Piest (1980) 
Bradford & 
Norton (1983) 
DeForest 
Fm. Bed 
Turton 
Mullenix 
Hatcher 
Watkins 
Turton 
Mullenix 
Hatcher 
Watkins 
Sample 
Depth (m) 
0.8-1.0 
1.9-2. l 
4.0-4.2 
7.4-7.6 
0.71-1.03 
1.83-2.15 
3.96-4.28 
7.01-7.33 
Cohesion Friction 
(kPa) Angle (deg) 
13.5 15 
6.9 20 
12.2 16 
7.6 23 
6.3 27 
4.2 28 
6.9 26 
5.4 28 
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Figure 7A. Water-table contour map of the area around the gully headcut in November 1999. 
Contours are in meters. Elevations of seepage faces along the gully perimeter 
were determined by direct observation. A cross-section view of the water table is 
presented in Figure 7B. 
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observed. Unfortunately, piezometer data were not sufficient to determine the vertical 
component of flow in this member. A good assumption, however, given that the underlying 
Gunder Member is 100 to 1000 times less permeable than the Roberts Creek Member, is that 
groundwater flow was dominantly horizontal, such that equipotential surfaces were close to 
being vertical (Freeze and Cherry, 1979; Fetter, 1980). In addition, the convenient but 
imperfect assumption is made that the azimuth of flow very near the gully wall ( < 1 m) was 
normal to the wall. Since bank failures usually occurred between the gully wall and closest 
piezometer, the horizontal hydraulic gradient used for correlation with bank-failure events 
was calculated from the signal of the piezometer closest to the gully wall. The signal from 
this piezometer, together with its horizontal distance from the gully wall, provided the 
gradient, since the gully wall was at a known pressure (atmospheric). The distance between 
the sensor and the gully wall prior to failure was used to compute the hydraulic gradient. No 
effort was made to adjust this distance during the course of bank displacement. 
Styles of Bank Failure 
Although only one bank-failure event was witnessed directly, styles of bank failure 
could be inferred from observations before and after mass-wasting events. Mass-wasting of 
the banks occurred by slumps and topples at various scales, and by pop-out failures. All 
styles of mass wasting involved bank failure that appeared to originate at depths below the 
water table. 
Slumping and toppling of the banks in slab-like sections was commonly preceded by 
the development of near vertical tension cracks (Fig. 8, 9). These cracks extended for as far 
as 10 m roughly parallel to the gully bank and reached widths of up to 0.15 m prior to 
toppling or slumping of the banks. Depths of these cracks were difficult to measure directly 
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Figure 8. Tension crack 30 to 80 mm wide and more than 10 m long. The block on the 
gully side of the tension crack is about 1. 5 m wide. The scarp height is about 2 m. 
It is unknown when the crack formed . It follows a 0.5 m deep trench in which 
sensor cables were buried. 
Figure 9. Frost collecting at the surface of a tension crack. Water vapor is interpreted to 
have risen from the crack, condensed, and collected on grass at the surface. 
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but evidence of water vapor issuing from cracks (Fig. 9), together with their substantial 
width, indicates they likely extended to depths below the water table. Tension cracks 
sometimes followed clear zones of weakness in the banks (Fig. 8). The timing oftension-
crack formation was usually not known, but in one case a major topple instigated formation 
of a tension crack that led to a bank collapse one week later. Deposits from slumps and 
topples varied in character. Some contained primarily large intact soil masses (Fig. 10), but 
displaced soil masses were more commonly fragmented (Fig. 11, 12) and locally showed 
signs of high water content and associated post depositional flow (Fig. 12). 
Sometimes localized collapse at the base of a gully wall (Fig. 13) effectively undercut 
the unsaturated soil above, leading to the eventual collapse of overhanging material. 
Bradford and Piest (1978) also observed these small bank collapses and called them alcove or 
popout failures. The failures may be facilitated by sapping-grain-by-grain erosion of 
sediment by seepage. Seepage was likely responsible for the overhanging bank visible above 
the seepage face in Figure 14A. The same bank after the collapse of overhanging soil is 
shown in Figure 14B; transportation of mass-wasted debris by seepage is clear in the lower 
half of the photograph. 
Bank Displacement Events 
The factors affecting gully-bank stability were analyzed by comparing precipitation, 
temperature, and hydraulic head data with bank-displacement data. Bank-displacement 
events were divided into two types: those correlated with rainfall or snowmelt and those 
correlated with freeze-thaw. The former were usually associated with increases in hydraulic 
head within the banks. The latter were not related directly to changes in hydraulic head but 
were associated with temperature variability spanning 0°C. All bank displacements recorded 
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Figure 10. Bank topple after snowmelt-induced bank collapse on January 9-10, 2000. 
Extensometer shielding can be seen on the edge of the toppled mass. 
Figure 11 . Second bank topple (debris identified by white arrow) one week after initial bank 
collapse on January 9-10, 2000 (debris identified by black arrow). The tension 
crack that lead to the second bank collapse is shown in Figures 8 and 9. 
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Figure 12. A. Slump/earthflow on the east side of the gully headcut initiated by a heavy 
rainfall . Base of scarps are identified by a white dotted line. Areas dominated 
by soil blocks and partially liquefied soil are identified by white and black 
arrows, respectively. B. Truncated toe of slump (dashed black line). Slump 
moved from left to right. 
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Figure 13. A. Popout failure located near the gully headcut (identified by arrow). B. Detail 
of the popout failure . 
Figure 14. A. West gully bank in March 1999. The bank is approximately 5 m high. An exhumed extensometer is visible at 
top. Note the seepage face (dashed line) and the overhanging material. B. The same gully wall one week later 
following a 4.5 mm rainfall. The gully wall has eroded back about 0.5 m. Note that the dark colored soil and 
colluvium is the Roberts Creek Member and the gray/tan soil is the Gunder Member. In both photographs, note 
also the small rivulets formed by coalescing seepage emitted from the base of the vertical wall. 
00 
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by extensometers, direct observation, and erosion pins during the two-year study from 
October, 1998, to October, 2000, are presented in Table 6. 
Rainfall- or Snowmelt-lnduced Events 
Most bank displacements recorded by extensometers occurred due to rainfall events 
between February and July (Fig. 15-20). Rainfall rates sufficient to cause measurable bank 
displacement ranged from a few millimeters per hour to 41 mm/hr. Rainfall durations as 
short as 2 hours caused measurable bank displacements. Bank displacements typically 
lagged the initiation ofrainfall by 2 to 6 hours (Fig. 15-19), except in the case of one 
prolonged, low-intensity rainfall, in which the lag between rainfall initiation and bank 
displacement was~ 18 hours (Fig. 20). Rainfall events generally caused increases in 
hydraulic head within the gully banks, although the magnitude of these increases did not 
depend in a simple way on rainfall rate or duration (Fig. 15-20). Increases in hydraulic head 
in response to rainfall tended to be larger on the western side of the gully than on the eastern 
side and ranged from a few centimeters to 0.65 m. 
Bank displacement typically began during rising hydraulic head in the banks and 
commonly had stopped once the peak hydraulic head had been attained (Fig. 15-20). 
Movement styles included rapid large displacements (> 100 mm) not preceded by creep (e.g., 
Fig. 16, west extensometer), periods of generally accelerating creep that terminated abruptly 
at total displacements less than 100 mm (e.g., Fig. 16, east extensometer), and displacements 
of only a few millimeters that occurred abruptly (Fig. 17, west extensometer) or gradually 
(Fig. 19). In one case, movement of a slump block was accompanied by sufficient rotation to 
cause the stake tethered to the extensometer to move toward the extensometer, rather than 
away from it (Fig. 20, west extensometer). In some cases, the measured hydraulic head 
Table 6. Bank-displacement events. 
D Month-Y West Side East Side S 
2-16 Jan-99 1 I Extensometers 
22-27 Feb-99 I Extensometer 
Unknown Feb-99 I Photographs 
Unknown Mar-99 I 1 Photographs 
5 Apr-99 I Extensometer 
14 Apr-99 1 Extensometer 
14-16 Apr-99 I Extensometer 
21-22 Apr-99 1 I Extensometers 
27-28 Apr-99 I Pressure sensor 
Unknown Mav-99 1 1 Erosion pins 
5-6 Jul-99 1 Extensometer 
6-7 Aug-99 I I Field notes & photographs 
10 Aug-99 1 Field notes & photographs 
15-25 Dee-99 I Extensometer 
9-10 Jan-00 1 Extensometers 
18-21 Feb-00 I Extensometer 
Unknown Feb-00 1 Field notes & photographs 
13-14 Jun-00 2 I Extensometers 
26-27 Jul-00 1 Extensometer 
27-28 Jul-00 1 Extensometer 
12 15 
Monitoring of gully began in October of 1998 and ended in October of 2000. 
Sensor abbreviations: E = Extensometer 
BSG = Buried strain-gage pressure sensor 
PSG = Strain-gage pressure sensor in piezomctcr 
VW = Vibrating wire pressure sensor in piezometer 
OW = Observation well 
Probable C fBank Disol L fS 
Freeze/thaw 
Freeze/thaw 
Spring rains (peak of< 2.3 mm/hr) 
Spring rains (peak of< 2.5 mm/hr) 
33.3 mm rain in 8 hrs - peak of7.9 mm/hr 
56. I mm rain in 21 hrs - peak of3.8 mm/hr 
64.8 mm rain in 28 hrs - peak of3.8 mm/hr 
20.6 mm rain in 3 hrs - peak of 13.7 mm/hr 
28.5 mm rain in l l hrs - peak of 5.6 mm/hr I BSG 
Spring rains (peak of< 13.5 mm/hr) 
52.9 mm rain in 2 hrs - peak of 41.1 mm/hr 
124.2 mm rain in 7 hrs - peak of33.l mm/hr l E, 6 BSG, I PSG, 2VW 
???? 2 BSG, I PSG, 2VW \0 
Freeze/thaw 
Snowmelt I E, 2 BSG, I OW 
Freeze/thaw 
Spring rains (peak of< 7.1 mm/hr) 2VW 
100.9 mm rain in 4 hrs - peak of38.2 mm/hr 
26. l mm rain in 1 hr 
6.1 mm rain in 1 hr 
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Figure 15. Rain-induced bank displacement events on the east (2 locations) and west sides 
of the gully on June 13-14, 2000. 
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Figure 16. Rain-induced bank displacement events on the west and east sides of the gully on 
April 21-22, 1999. 
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appeared to be influenced by bank displacement. As shown in Figure 16, rapid extension of 
the west extensometer was accompanied by a small head reduction that occurred only near 
the site of the extensometer, perhaps due to rapid dilation of the soil mass during movement. 
Before the end of another rainstorm, an unusually abrupt decline in head began just as rapid 
movement of the bank occurred (Fig. 17, west extensometer). 
The largest rainstorm when extensometer data were collected successfully is 
highlighted in Figure 15. The storm in June, 2000, lasted 4 hours with 101 mm of total 
rainfall and a peak rainfall rate of 38 mm/hr. About 2 hours after the storm began, head 
began to rise in the banks, with head rising faster on the western side of the gully. Within 
one-half hour, creep of the western bank began at a speed of about 25 mm/hr. Creep at two 
positions on the eastern bank began one and three hours after movement of the western bank 
began. Movement of the banks, which lasted 1-3 hours depending upon location, stopped at 
about the time rainfall ceased, although head continued to rise in the banks on the eastern 
side of the gully. Total displacement at the three locations ranged from 0.4 mm to 45 mm. 
Other large rainstorms also caused bank movement at multiple locations (Fig. 16, 17). 
One bank-displacement event was induced by snowmelt (Fig. 21). On January 9-10, 
2000, 24 hours of above freezing temperatures melted snow on the ground surface and likely 
also melted some ice in the soil. Hydraulic head rose exponentially near the gully bank, 
eventually causing accelerating creep of the bank and a total bank displacement of 231 mm. 
After the bank collapsed, hydraulic head near the gully wall decreased rapidly. 
Approximately 32 m3 of earth toppled into the gully during this event, and all sensors close 
to the bank were exhumed. They came to rest in a mass of slumped material at the base of 
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the wall. Thus, the decrease in hydraulic head following bank displacement probably 
indicates drainage of the slumped mass. 
Unfortunately, some bank-displacement events were not recorded by our sensors due 
to a malfunctioning datalogger. After a heavy rain (>80 mm, >20 mm/hr) on August 6-7, 
1999, a collapse of the east gully bank displaced approximately 34 m3 of earth. One 
extensometer, six buried strain-gage pressure sensors, one newly-installed strain-gage 
pressure sensor in a piezometer, and two newly-installed vibrating wires in piezometers were 
exhumed. On August 10, 1999, a second bank collapse was observed directly at the same 
location. Two more buried strain-gage pressure sensors, one newly-installed strain-gage 
pressure sensor in a piezometer, and two newly-installed vibrating wires in piezometers were 
exhumed. No data were collected during these events. 
The amount of rainfall that caused bank displacements differed by season. The 
average peak rainfall that initiated bank displacements increased from 4.5 mm/hr in February 
and March to 9.7 mm/hr in April and May to 28.9 mm/hr in June, July, and August (Table 6). 
Freeze-Thaw Induced Events 
During winter months, displacement of the gully banks was correlated roughly with 
temperature (Fig. 22-25). Bank motion toward the gully axis tended to occur when 
temperatures were sub-freezing, or less commonly for a brief period after temperatures rose 
above freezing. Motion away from the gully axis commonly occurred during sustained 
periods of above-freezing temperature. Motion toward the gully-axis was gradual, although 
sometimes punctuated by periods of no motion. Motion away from the gully-axis was 
typically more rapid than motion toward the gully axis. Bank displacement away from the 
gully axis during a period above freezing was often comparable in magnitude to the bank 
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displacement toward the gully axis during the preceding subfreezing period. Although 
hydraulic head was not correlated to bank displacements, fluctuations in hydraulic head 
occurred at some locations, with fluctuations either correlated (Fig. 22, 25) or anticorrelated 
(Fig. 23, 24) with temperature. 
DISCUSSION 
Bank Displacements and Rainfall/Snowmelt 
The strong correlation between rainfall/snowmelt and bank-displacement events (Fig. 
15-21) is evident because water is the principal temporally-varying, strength-modifying agent 
acting on the gully walls. Almost all bank displacements occurred during or soon after 
rainfall or snowmelt and were accompanied by increases in hydraulic head. Simultaneous 
bank displacements on both sides of the gully after the initiation ofrainfalVsnowmelt (Fig. 
15-17, 20) indicates that bank displacements were clearly due to hydro logic factors rather 
than to bank weakening associated with other geologic processes sensitive to geologic 
heterogeneity. The addition of water to the soil column may decrease the shearing resistance 
of the soil in three ways: increased collapsibility, reduced cohesion, and reduced effective 
stress. 
Handy (1973) and Lutenegger and Hallberg (1988) noted that low bulk-density loess 
may be collapsible-the tendency to rapidly consolidate or settle when saturated by water, 
especially where long-term saturation has not persisted. When the saturation moisture 
content exceeds the liquid limit, collapse of the soil structure is possible. Bradford and Pi est 
(1980) suggested that collapsibility was not responsible for gully-wall collapse because their 
oedometer tests at vertical stresses of0.15 kg/cm2 (14.7 kPa) showed little to no volume 
change of loess alluvium when it was saturated. Given that seepage emits from above the 
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base of the gully walls year-around, "collapse" may have occurred by slow creep through 
time, decreasing porosity (Lutenegger and Hallberg, 1988). Redeposition of loess by water 
may also reduce its collapsibility. Estimates of the "collapsibility safety factor" were 
calculated using equations from Handy (1973) and clay content data from this study, 
Bradford and Piest (1977), Bradford and Norton (1983), and Allen (1971) (Table 7). Only 3 
of the 4 7 soil samples exhibited a tendency to be collapsible-liquid limits less than their 
saturation moisture contents. However, they were at depths less than 1.5 m, and few 
documented gully wall collapses originated at these shallow depths. Although the equations 
taken from Handy (1973), shown in Table 7, are empirical relationships for primary loess, 
they provide an upper bound for collapsibility of loess alluvium, which should be less 
collapsible than primary loess because it has been redeposited by water. 
Soil cohesion may play a role in the stability of gully walls (Bradford et al., 1973). 
Increased water content will reduce the apparent cohesion of unsaturated soil by reducing 
capillary tension (Bradford et al., 1973; Fredlund et al., 1978). Weakening of clay bonds due 
to increased water content may also reduce cohesion. The principal clay minerals in 
southwestern Iowa loess soils, from which the loess alluvium is derived, are montmorillonite 
and illite (Handy et al., 1955). These clay minerals are active, especially montmorillonite, 
and prone to swelling, thereby potentially decreasing friction between larger particles and 
reducing strength (Roloff et al., 1981; Kenney, 1984; Ritter et al., 1995). The surface soils at 
the site (Kennebec and Napier), however, are known to have a low to moderate shrink-swell 
potential (Soil Survey of Pottawattamie County, 1989). Moreover, gully-wall failures 
appeared to originate along slip surfaces in the saturated zone, where strengthening due to 
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Table 7. Collapsability determinations. 
Collapsible soils are those with values of LL/W less than one (grayed). 
Author 
This 
Study 
Bradford 
& Piest 
(1977) 
Bradford 
& Norton 
(1983) 
Saturation 
%Clay 
<0.002 
% Clay Dry Moisture Liquid 
Depth <0.005 Density Content Limit 
mm (m) mm g/cm3 (W) (LL) 
23.3 4.2 29.51 1.74 19.77 38.03 
19.0 3.4 24.22 1.62 23.97 33.95 
24.2 3.0 30.62 1.60 24.57 38.88 
26.2 4.9 33.09 1.84 16.69 40.78 
25.9 2.9 32.72 1.60 24.63 40.49 
32.3 3.4 40.60 1.70 21.11 46.56 
27.8 2.4 35.06 1.56 26.50 42.29 
30 3.4 37.37 1.68 21.86 44.08 
29 4.6 35.92 1.81 17.44 42.96 
25 8.5 31.89 2.25 6.66 39.86 
25 10.1 31.61 2.43 3.44 39.64 
29 1.0 36.53 1.40 33.51 43.43 
29 2.2 36.53 1.53 27.42 43.43 
25 4.3 31.61 1.76 19.14 39.64 
24 7.3 30.38 2.11 9.75 38.69 
Equations used to estimate collapsibility (Taken from Handy, 1973): 
l. Xoo2 = 0.812 Xoos - 0.666 
where X002 and X005 are the 0.002- and 0.005-mm clay contents. 
2. d = 1.11+0.116 Z + 0.0048 X005 
where dis the dry bulk density, z is the depth in meters. 
3. w = 100 (1/d - 112.65) 
where w is the saturation moisture content. 
4. LL= 15.3 + 0.77 Xoos 
where LL is the liquid limit. 
5. LL/w 
This ratio is the "collapsibility safety factor". 
LL/W 
1.92 
1.42 
1.58 
2.44 
1.64 
2.21 
1.60 
2.02 
2.46 
5.99 
11.53 
1.30 
1.58 
2.07 
3.97 
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Table 7. (continued). 
Collapsible soils are those with values of LL/W less than one (grayed). 
Author 
Allen 
(1971) 
%Clay 
<0.002 
mm 
29 
29 
29 
29 
29 
29 
27 
26 
28 
29 
29 
28 
27 
26 
25 
25 
26 
26 
25 
26 
26 
25 
25 
25 
25 
25 
26 
26 
26 
24 
24 
23 
Depth 
(m) 
0.30 
0.61 
0.91 
1.22 
1.37 
1.52 
1.68 
1.83 
1.98 
2.13 
2.29 
2.44 
2.59 
2.74 
2.90 
3.05 
3.20 
3.35 
3.51 
3.66 
3.81 
3.96 
4.11 
4.27 
4.42 
4.57 
4.72 
4.88 
5.03 
5.18 
5.33 
5.49 
%Clay 
<0.005 
mm 
36.53 
36.53 
36.53 
36.53 
36.53 
36.53 
34.07 
32.84 
35.30 
36.53 
36.53 
35.30 
34.07 
32.84 
31.61 
31.61 
32.84 
32.84 
31.61 
32.84 
32.84 
31.61 
31.61 
31.61 
31.61 
31.61 
32.84 
32.84 
32.84 
30.38 
30.38 
29.15 
Dry 
Density 
g/cm3 
1.26 
1.15 
1.16 
1.20 
1.24 
1.31 
1.32 
1.40 
1.48 
1.47 
1.45 
1.50 
1.52 
1.53 
1.51 
1.51 
1.49 
1.51 
1.55 
1.53 
1.52 
1.52 
1.54 
1.54 
1.55 
1.56 
1.53 
1.52 
1.52 
1.53 
1.53 
1.51 
Saturation 
Moisture 
Content 
(W) 
41.85 
49.33 
48.70 
45.45 
43.00 
38.51 
37.96 
33.71 
29.98 
30.11 
31.12 
29.00 
28.08 
27.62 
28.66 
28.63 
29.23 
28.37 
26.84 
27.47 
28.25 
28.03 
27.21 
27.00 
26.93 
26.30 
27.62 
27.95 
27.99 
27.57 
27.82 
28.68 
Liquid 
Limit 
(LL) 
43.43 
43.43 
43.43 
43.43 
43.43 
43.43 
41.54 
40.59 
42.48 
43.43 
43.43 
42.48 
41.54 
40.59 
39.64 
39.64 
40.59 
40.59 
39.64 
40.59 
40.59 
39.64 
39.64 
39.64 
39.64 
39.64 
40.59 
40.59 
40.59 
38.69 
38.69 
37.74 
LL/W 
1.04 
#' 0.88 ... 
- . 0.89 -
, o.96 .,:, ,, 
1.01 
1.13 
1.09 
1.20 
1.42 
1.44 
1.40 
1.46 
1.48 
1.47 
1.38 
1.38 
1.39 
1.43 
1.48 
1.48 
1.44 
1.41 
1.46 
1.47 
1.47 
1.51 
1.47 
1.45 
1.45 
1.40 
1.39 
1.32 
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capillary tension was not expected. Loss of cohesion is, thus, a possible but unlikely cause of 
bank failures. 
Reduction in effective stress and associated soil friction due to movement of water in 
the saturated zone is the most likely trigger for the observed bank displacements. Effective 
stress is the difference between total normal stress and pore-water pressure acting on a 
potential failure surface, equivalent to the stress supported by the soil skeleton. In a static 
case, where water is not moving through the soil, the buoyant force of water will support a 
portion of the normal stress. In a dynamic case, where water is moving through the soil, a 
seepage force-a drag force exerted on soil particles proportional to the hydraulic gradient-
also may increase or decrease effective stress and strength, depending upon the direction of 
groundwater flow (Iverson and Major, 1986). Although Bradford and Piest (1977) suggested 
that seepage forces played a minor role in gully-wall failures, they did not gather hydraulic 
head data during natural bank failures. 
A key question is whether the measured head increases in the gully banks (a few 
centimeters to 0.65 m) associated with rainfall and snowmelt were sufficient to cause failure 
of the banks. Or expressed differently, were the gully banks sufficiently close to limiting 
equilibrium so that small head increases caused failure? Consider the section of gully wall 
shown in Figure 26, similar to the geometry considered by Lohnes and Handy (1968) in their 
analysis of slope angles in friable, unsaturated loess. This geometry is well suited to this 
problem since vertical tension cracks were commonly observed within a few meters of the 
gully walls prior to failure (Fig. 8), and collapse of soil slabs was a common mass-wasting 
style. When the total weight of the soil slab exceeds the compressive strength of the 
underlying soil, failure is expected. Because the soil is unconfined, failure should occur at an 
H 
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angle, 8 = 45° + $12, from the horizontal, where $ is the soil friction angle. Lohnes and 
Handy (1968) equated the component of slab weight acting parallel to this failure plane with 
the resisting force associated with the soil strength to arrive at a critical bank height above 
which the bank would be unstable. The same approach can be used if the failure plane is in 
the saturated zone to obtain the critical average hydraulic head at the failure plane, he, for the 
bank to fail for a particular bank height, H, and tension-crack position, x (Fig. 26). As 
described previously, it is assumed due to the relatively impermeable Gunder Member at 
depth (Fig. SB, Table 3), that groundwater flow was horizontal toward the gully. Defining c 
as the soil cohesion, Ys and Yu as the unit weights of soil in the saturated zone and unsaturated 
zone, respectively, and Ywas the unit weight of water, and equating driving and resisting 
forces on the basal shear plane yields an expression for he (N. Iverson, pers. comm.): 
he = [1 + ~ (y s - y JT1 { c - Ay u [2H - x tan(45° + 1)]}, 
y w J y w tan$ 2y w 2 
where A is a constant dependent only on $, 
A _ sin( 45° +Yi') cos( 45° + Yz) _ 2 ( 450 <i>/) - cos + /2 . 
tan$ 
These equations allow he to be plotted as a function of H for values of x similar to 
those observed (Fig. 27). Chosen values of y5, Yu, Yw were 16.7 kN/m3, 13.7 kN/m3, and 9.8 
kN/m3, respectively, c = 7 kPa, and~= 24°. For a given line (x value) in Figure 27, 
combinations of he and H that plot above the line indicate unstable banks, such that driving 
forces parallel to the failure plane exceed resisting forces. Points below the lines represent 
stable combinations of he and H. For example, a bank with a height of 1.6 m and a tension 
crack 0.5 m from the wall is stable if the hydraulic head averaged over the failure plane is 
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less than 0.3 m; if the hydraulic head is more than 0.3 m, the wall is expected to fail. Given 
that observed banks heights are greater than 1 m and approach 2 m in places, it is clear that 
once a tension crack has developed, the banks could be sufficiently near limiting equilibrium 
that even small head increases could cause bank failure. In fact, banks higher than 1.95 m, 
and with tension cracks within 0.5 of the wall, are expected to be at the point of failure even 
if the failure surface is in the unsaturated zone. A reasonable conclusion, therefore, is that 
the head increases measured during rainfalVsnowmelt in this study (up to 0.65 m) were 
responsible for bank displacement. 
Loss of effective stress due to groundwater seepage at saturated gully-wall toes may 
also lead to localized alcove/popout failures; seepage has caused similar types of soil failure 
documented in other studies (Hagerty, 1991; Dapporto et al., 2001). Piest et al. (1975) noted 
that chips and flakes of soil from the base of gully walls appeared to be dislodged by seepage 
through macropores. Similar sapping and also piping caused by seepage at the base of gully 
walls and riverbanks, has been observed by numerous authors (Ireland et al., 1939; Palmer, 
1965; Coelho Netto et al., 1988; Howard and McLane, 1988; Zeman, 1989; Dunne, 1990; 
Higgins, 1990; Hagerty, 1991; Gomez and Mullen, 1992; Worman, 1993; Collison, 2001; 
Dapporto et al., 2001). 
Bank Displacements and Freeze-Thaw 
As first recognized by Taber (1929, 1930), frost heave is not due to the 9% 
volumetric expansion of water upon freezing, but due to the migration of water to a freezing 
fringe, the zone where segregation ice lenses grow. Water is drawn to the freezing fringe by 
thermally-induced chemical-potential gradients in films of water adsorbed to mineral-grain 
surfaces (capillary suction) (Farouki, 1986). Despite decades of study, no experimental or 
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theoretical models of frost heave have adequately identified the cause of these chemical-
potential gradients (Michalowski and Voller, 1991; Sheng et al., 1995). 
Ice lens growth and frost heave are mainly controlled by four factors: 1) the soil 
matrix, 2) the soil temperature gradient, 3) the upward migration of unfrozen water, and 4) 
confining pressure. Water migrates down the temperature gradient to the freezing fringe. At 
temperatures close to the freezing point, the temperature gradient may not be sufficient to 
move groundwater. On the other hand, because water content in "frozen" soils is a function 
of temperature, at low soil temperatures (below about -5°C), unfrozen water interfaces 
become very thin, decreasing the hydraulic conductivity of the soil structure and restricting 
migration of water to the freezing fringe (Anderson et al., 1984). Because ice lenses will 
form parallel to vertical cuts and frost heave generally occurs perpendicular to the ground 
surface, horizontal bank displacements due to frost heave are possible (Anderson et al., 1984) 
(Fig. 28). 
Bank displacements observed in this study are broadly consistent with freezing and 
thawing. Bank displacement toward the gully axis during sub-freezing temperatures is 
indicative of frost heave associated with the growth of ice lenses in the soil (Fig. 22-25). 
Most such movement occurred when temperatures were between 0° and -5°C; this may 
represent the optimum temperature range for frost heave in loess alluvium. Furthermore, 
recovery of bank displacements (bank displacement away from the gully axis) during above-
freezing temperatures is indicative of thaw settlement. Settlement due to consolidation of 
soils following thaw is well documented by theory (Morgenstern and Nixon, 1971; Nixon 
and Ladanyi, 1978) and in lab tests (Eigenbrod et al., 1996; Harris and Davies, 1998; Zhang 
and Kushwaha, 1998). Most settlement occurs as ice lenses, that had deformed the soil 
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Figure 28. Schematic illustration of frost heaving. From Anderson et al. ( 1984). 
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structure, thaw and stresses are transferred back to the soil skeleton. Finally, soils composed 
of silt-sized particles are the most susceptible to frost heave (Anderson et al., 1984). Frost 
heave sometimes continued briefly even after air temperature had exceeded the freezing point 
(Fig. 22, 24), a phenomenon observed in other studies (Mackay,1983; Cheng and 
Chamberlain, 1988; Zhang and Kushwaha, 1998). This may reflect transient disequilibrium 
between air and ground temperature. 
The cause of horizontal settlement observed in this study is not as obvious as vertical 
settlement, but the factors that cause vertical settlement during thaw may also cause 
horizontal settlement. For example, growth of an ice lens in a vertical gully wall may help 
form a tension crack and tilt the adjacent frozen slab of soil as shown in Figure 29. Upon 
melting of the ice lens, the tilted slab may return fully or partly to its original position as 
stresses are transferred from the ice back to the soil skeleton. If recovery after freeze-thaw 
events is not complete, the locations of ice lenses and tension cracks will remain planes of 
weakness (Fig. 29) along which the slab may fail during a later rainfall or snowmelt event. 
Weakening of the gully banks by this mechanism during winter may, therefore, prime the 
banks for failure during spring, when the largest number of bank-displacement events was 
observed. An increase in the amount of rainfall that initiated bank displacement, from a low 
in late winter/early spring to a high during the late summer (Table 6), is further indirect 
evidence that the gully banks are near their limiting equilibrium after the winter months, 
making spring the optimum time for failure. 
CONCLUSIONS 
This two-year monitoring study of gully mass wasting clearly links increasing 
hydraulic head in the gully banks, caused by rainfall and snow melt, to bank displacement. 
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Although, collapsibility of loess alluvium or reduced soil cohesion due to increased water 
contents may contribute to mass wasting, gully banks were sufficiently close to limiting 
equilibrium that only small changes in head along likely failure surfaces were necessary to 
reduce effective stresses sufficiently to instigate failure. Head increases of the magnitude 
observed were large enough to cause bank failure and movement. During winter months, 
temperature variations across 0 °C were correlated with bank movement; during subfreezing 
periods banks moved towards the gully axis, and some or all of this movement was recovered 
during periods with temperatures above freezing. This motion is attributed to freezing of 
segregation ice in the soil followed by thawing. Deformation of the banks during winter may 
weaken the banks and help prime them for failure during spring rains and snowmelt, when 
the frequency of mass-wasting events was highest. 
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CHAPTER 4. SUMMARY OF CONCLUSIONS 
The primary goals of this study were to 1) document growth of a gully through time 
and relate changes in its rate of growth to hydrologic and conservation practices and to 2) 
study the effect of subsurface water flow on mass wasting of gully walls. 
The gully, cut into loess alluvium in a valley bottom, has eroded headward 100 m and 
removed 9 ,200 m3 of sediment from 1964 to 2000, with an average head ward growth rate of 
2.8 m/yr and an average volumetric growth rate of 256 m3 /yr. Sediment eroded from the 
gully accounted for 34% of the sediment discharged from the watershed. An 80% increase in 
baseflow and a 20% increase in gully width due to a reduction in gully-wall slopes are 
indirect evidence that following construction of terraces in the watershed in 1980 increased 
infiltration resulted in gully wall destabilization and gully widening. This widening by 
accelerated mass wasting caused a change from U-shaped to a V-shaped transverse profile of 
the gully between 1980 and 1998. Rates of gully growth and runoff discharge through the 
gully were tightly correlated by a power function, similar to relationships for stream 
channels, indicating that over the 36-year period of the study runoff limited the rate of gully 
growth. Runoff erosion efficiency was highest in spring and then decreased gradually 
through the summer, as less sediment for mass wasting became available, highlighting the 
critical role of mass wasting in providing sediment for fluvial evacuation. 
There was a strong correlation between increasing hydraulic head in the gully banks, 
caused by rainfall and snowmelt events, and bank displacement. Likely failure surfaces in 
gully banks were sufficiently near limiting frictional equilibrium that head increases of a few 
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decimeters would have been sufficient to initiate bank failure. Head increases of this 
magnitude were measured commonly during this study and were likely responsible for bank 
displacement and collapse. During winter months, bank displacement toward the gully axis 
occurred during sub-freezing temperatures, and some or all of this displacement was 
recovered during periods with above-freezing temperatures. This motion is attributed to frost 
heave associated with the growth of segregation ice in the soil, followed by thaw of that ice 
and transfer of stresses back to the soil skeleton. Freeze-thaw deformation of gully banks 
during the winter may have weakened the banks and primed them for failure during spring 
rains and snowmelt, when the frequency of bank-displacement events driven by head 
increases was highest. 
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APPENDIX A. ADDITIONAL TABLES FOR CHAPTER 2 
Table A. Surveyed areas and volumes. 
1Planimetric 1Gully 
Year Area (m2) Volume (m3) 
1964 532.2 1370.3 
1967 1190.9 3930.7 
1970 1295.7 4486.5 
1999 2986.7 9853.4 
2000 3091.3 10211.7 
'Calculated from the difference between the three-dimensional 
pre-gully surface and the three-dimensional surface for each 
survey. 
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Table B. Calculated volumes. 
IV olumes calculated from fit equation 
found in Figure 16A: 
y = 0.2956x + 54.731 
Calculated 
Survey 1Planimetric Volume 
Date Area (m2) (m3) 
Nov-64 477.6 1430.7 
Apr-65 520.2 1574.7 
Jun-65 599.9 1844.4 
Aug-65 684.6 2130.7 
Nov-65 797.6 2513.l 
Jul-66 832.5 2631.3 
May-67 838.5 2651.3 
Nov-67 1113.5 3581.8 
Feb-70 1210.9 3911.1 
Dec-70 1284.6 4160.5 
Dec-71 1396.3 4538.4 
May-72 1454.5 4735.3 
May-73 1499.l 4886.3 
Nov-74 1545.8 5044.2 
Apr-79 1791.6 5875.8 
Jun-80 1831.0 6009.0 
Feb-99 3058.3 10160.8 
Jul-99 3098.3 10296.1 
Nov-99 3126.4 10391.1 
Mar-00 3156.7 10493.9 
Oct-00 3199.8 10639.7 
1Calculated from actual perimeter surveys. 
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Table C. Headward, aerial, and volumetric growth rates. 
1Surveyed 1Headward 
Headward Erosion 
Erosion Rate 
~ 
Year (m) (m/yr) 
1964 0 0 
1965 19.26 19.26 
1966 1.42 1.42 
1967 16.17 16.17 
1970 6.56 2.19 
1971 5.75 5.75 
1972 0.77 0.77 
1973 2.55 2.55 
1974 0.44 0.44 
1979 11.85 2.37 
1980 1.06 1.06 
1999 32.46 1.71 
2000 1.67 1.67 
1Detennined from Figure 16A. 
'Yearly sums of data in Table B. 
2Planimetric Aerial 2Calculated 
(Perimeter) Growth (Perimeter) 
Area Rate Volume 
(m2) (m2/yr) (m3) 
477.6 1430.7 
797.6 320.0 2513.1 
832.5 34.9 2631.3 
1113.5 281.0 3581.8 
1284.6 57.0 4160.5 
1396.3 111.7 4538.4 
1454.5 58.2 4735.3 
1499.1 44.6 4886.3 
1545.8 46.7 5044.2 
1791.6 49.2 5875.8 
1831.0 39.4 6009.0 
3126.4 68.2 10391.1 
3199.8 73.5 10639.7 
Volumetric 
Growth 
Rate 
(m3/yr) 
1082.4 
118.2 
950.5 
192.9 
378.0 
196.9 
151.0 
157.9 
166.3 
133.2 
230.6 
248.6 
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Table D. Deep Loess Watershed #1 annual summaries. 
Base Total 1W-11 2Sheet-rill Total 3Gullv 
Precip. Flow Runoff Runoff Sheet-rill Sediment Sediment Sediment 
Year m/yr 103 (m3/yr) 103 (m3/yr) 103 (m3/yr) 103 kg/yr 103 kg/yr 103 kg/yr 103 kg/yr 
1964 0.90 14.72 34.98 47.68 1648 2282 634 
1965 1.15 27.22 81.28 104.77 2904 4028 1124 
1966 0.52 19.42 4.97 21.74 439 534 96 
1967 0.97 17.38 88.63 103.63 6392 8013 1622 
1968 0.82 12.77 8.80 19.82 237 340 104 
1969 0.80 24.38 19.36 40.41 118 230 113 
1970 0.80 16.93 16.38 31.00 752 945 193 
1971 0.74 15.78 37.88 51.51 1285 1714 428 
1972 0.86 20.48 11.56 29.24 481 834 352 
1973 1.06 62.59 19.98 74.01 67 159 92 
1974 0.63 49.56 4.13 46.91 27 61 33 
1975 0.78 36.17 7.88 39.11 2 62 106 44 
1976 0.54 30.32 1.30 27.48 0 1 5 4 
1977 1.07 21.37 48.06 66.51 300 1669 2730 1061 
1978 0.89 31.47 27.25 54.42 73 452 804 352 
1979 0.75 32.00 32.60 60.23 3 81 248 167 
1980 0.78 32.00 24.59 49.88 126 727 987 260 
1981 0.66 17.64 5.60 19.55 43 151 199 48 
1982 0.95 39.89 25.50 57.03 134 465 771 306 
1983 0.87 53.55 14.36 56.68 67 255 378 123 
1984 1.02 71.19 40.00 96.26 299 1360 1972 613 
1985 0.63 36.61 7.15 36.08 98 206 230 23 
1986 1.09 36.70 30.06 59.06 200 960 1583 623 
1987 0.85 56.03 24.24 68.52 116 614 1146 532 
1988 0.43 29.79 1.05 24.66 0 2 6 4 
1989 0.70 13.56 15.55 26.27 27 179 300 121 
1990 0.65 13.48 4.97 15.69 12 24 34 IO 
1991 0.98 26.33 22.84 43.65 206 402 351 -51 
1992 0.82 39.63 3.22 34.54 0 6 19 13 
1993 1.34 106.65 56.61 140.89 23 258 706 448 
1994 0.65 78.02 6.73 68.38 1 52 112 60 
1995 0.76 58.87 4.27 50.79 1 2 7 5 
1996 0.89 50.71 22.28 62.35 26 496 661 165 
1997 0.75 46.37 12.61 49.25 103 
1998 1.13 70.13 69.57 124.99 1121 
1999 1.08 81.30 55.63 119.87 820 
2000 0.74 67.00 28.23 95.07 318 
'W-11 station established in 1975. 
2Sum ofW-11 and headcut sheet-rill sediment and recalculated by considering the ratio of the catchment area contributing runoff to the 
headcut and to the weir. 
3Values for 1997-2000 were calculated with equation in Figure 18. 
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Table E. Deep Loess Watershed #1 annual summaries. 
1Gully 2Sediment Calculated 3Surveyed Surveyed 4Gully 5Gully/Total 
Sediment Discharge Volume Volume Growth Rate Growth Rate Sediment 
Year I03 kg/yr (m3/yr) (m3) (m3) (m3/vr) (m3/yr) (%) 
1964 634 0 0 0 
1965 1124 904 904 I082 I082 904 0.31 
1966 96 77 981 1201 118 77 0.20 
1967 1622 1305 2286 2151 951 1305 0.22 
1968 I04 83 2370 83 0.34 
1969 113 91 2460 91 0.54 
1970 193 155 2616 2730 193 155 0.23 
1971 428 345 2961 3I08 378 345 0.28 
1972 352 284 3244 3305 197 284 0.47 
1973 92 74 3318 3456 151 74 0.64 
1974 33 27 3345 3614 158 27 0.61 
1975 44 35 3380 35 0.46 
1976 4 3 3383 3 0.81 
1977 I061 854 4237 854 0.43 
1978 352 283 4520 283 0.49 
1979 167 134 4654 4445 166 134 0.75 
1980 260 209 4863 4578 133 209 0.29 
1981 48 38 4901 38 0.27 
1982 306 246 5148 246 0.44 
1983 123 99 5247 99 0.36 
1984 613 493 5739 493 0.34 
1985 23 19 5758 19 0.11 
1986 623 502 6260 502 0.44 
1987 532 428 6688 428 0.52 
1988 4 3 6691 3 0.73 
1989 121 97 6788 97 0.45 
1990 10 8 6796 8 0.33 
1991 -51 -41 6756 -41 -0.16 
1992 13 IO 6766 IO 0.73 
1993 448 361 7126 361 0.70 
1994 60 49 7175 49 0.60 
1995 5 4 7179 4 0.77 
1996 165 133 7311 133 0.28 
1997 I03 83 7394 83 
1998 1121 902 8296 902 
1999 820 660 8957 8960 231 660 
2000 318 256 9212 9209 249 256 
'Same as in Table D. 
2Mass of sediment eroded converted to volume of sediment eroded using Equation I and corrected with Equation 3. 
3Same as in Table C minus 1964 volume. 
4Surveyed growth rate preferential to growth rate calculated from sediment discharge. 
5 Adjusted gully sediment discharge divided by the total sediment discharge. 
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Table F. Average monthly values of precipitation, 
baseflow, runoff, and sediment erosion for 
Watershed 1. 
Monthly values averaged over period 1964-1996 
Average 
Average Average Average Monthly 
Monthly Monthly Monthly Sediment 
Precip. Baseflow Runoff Erosion 
Month (m/mo) 103 (m3/mo) 103 (m3/mo) 103 (kg/mo) 
Jan 0.02 2.64 0.37 1.21 
Feb 0.02 2.49 2.02 6.67 
Mar 0.05 2.89 2.77 12.85 
Apr 0.08 3.16 0.74 12.52 
May 0.12 3.81 4.22 87.58 
Jun 0.12 3.55 7.05 97.01 
Jul 0.10 3.34 1.33 17.61 
Aug 0.11 2.96 2.05 20.81 
Sep 0.10 2.82 1.86 22.19 
Oct 0.06 2.94 0.33 1.59 
Nov 0.04 2.85 0.14 0.25 
Dec 0.02 2.82 0.09 0.11 
132 
APPENDIX B. ADDITIONAL TABLES FOR CHAPTER 3 
Table A. Sensor data sheet. 
Values repo11cd in meters 
Duplicates indicate re-installation of that sensor 
Borehole Well 
hand auger= HA Depth Tip or 
Giddings probe = GP from Ground 
Sensor Sensor Piezometer Array Install Install Ground Surface 
Type # Letter or# Location Date Method Surface Elevation 
Strain-gage 5 w Nov-98 HA 5.79 349.97 
Strain-gage 19 w Nov-98 HA 2.85 349.97 
Strain-gage 10 w Nov-98 HA 3.00 349.99 
Strain-gage 18 w Nov-98 HA 4.30 349.98 
Strain-gage 12 w Nov-98 llA 2.70 350.06 
Strain-gage 16 E Nov-98 HA 2.40 350.09 
Strain-gage 14 E Nov-98 HA 2.50 350.23 
Strain-gage 17 E Nov-98 HA 2.70 350.29 
Strain-gage 6 E Nov-98 HA 2.50 350.16 
Strain-gage 9 E Nov-98 HA 2.60 350. 19 
Vib. Wire 45788 RWl.1-17 w Jul-99 GP 5.18 350.29 
Vib. Wire 45790 RWl.1-10 w Jul-99 GP 3.35 350.25 
Strain-gage 7 RW2.1-10 w Jul-99 GP 3.35 350. 17 
Vib. Wire 45038 RWl.2-13 w Jul-99 GP 5.18 350.49 
Strain-gage 8 RW2.2-ll w Jul-99 CiP 3.35 350.20 
Vib. Wire 45036 RWl.2-10 w Jul-99 GP 3.05 350.31 
Vib. Wire 45791 RWl.3-10 w Jul-99 GP 3.05 350.29 
Vib. Wire 45787 REl.1-14 E .lul-99 GP 4.34 350.63 
Strain-gage 3 RE2.1-10 E Jul-99 GP 3.05 350.53 
Vib. Wire 45789 REl.1-9 E Jul-99 GP 2.82 350.64 
Vih. Wire 45035 REl.2-14 E Jul-99 GP 4.19 350.69 
Strain-gage 4 RE2.2-10 E Jul-99 GP 3.00 350.63 
Vib. Wire 45037 REl.2-10 E Jul-99 GP 3.05 350.60 
Vih. Wire 45034 REl.3-10 IC E Jul-99 GP 3.66 350.72 
Sensor 
Depth 
from Datum= 
Well 345 m 
Tip or Screen 
Ground Sensor Head Bottom 
Surface Elevation Elevation Depth 
4.36 345.61 0.61 
2.85 347.12 2.12 
2.90 347.09 2.09 
4.24 345.74 0.74 
2.70 347.36 2.36 
2.40 347.69 2.69 
2.50 347.73 2.73 
2.70 347.59 2.59 
2.50 347.66 2.66 
2.60 347.59 2.59 
5.53 344.76 -0.24 5.18 
3.35 346.90 1.90 3.05 
3.30 346.87 1.87 3.05 
4.60 345.89 0.89 3.96 
3.20 347.00 2.00 3.05 
3.38 346.93 1.93 3.05 
3.40 346.89 1.89 3.05 
3.41 347.22 2.22 4.34 
3.35 347.18 2.18 2.97 
3.42 347.22 2.22 2.82 
5.00 345.69 0.69 4.19 
3.44 347.19 2.19 3.00 
3.36 347.24 2.24 2.95 
3.45 347.27 2.27 2.90 
Unless noted, sensors arc screened in Roberts Creek Member 
Screen GM = Sensor screened in 
Top Sand Gunder Member 
Depth ·111ickness Comments 
? GM, Likely bentonite bridge 
0.31 
0.18 f ,ikely bentonite seal around sensor or 
bcntonite bridge - Sensor unusable 
0.48 GM. Bentonite bridge? 
? Bentonite bridge? 
0.30 
0.15 
0.10 
0.45 Sand bridge? 
0.24 Benton ite near sensor? 
4.88 0.51 GM 
2.74 1.22 
2.74 0.91 
3.66 0.60 GM, Some borehole collapse 
2.74 0.91 
2.74 0.60 
2.74 0.76 Too much sand, Bentonitc bridge? 
4.04 0.05 GM, Borehole collapse 
Mud/sand around screen 
2.67 0.69 
2.51 0.60 
3.43 1.35 GM, Mud/sand around 0.76 m screen 
2.69 0.86 
2.64 0.76 
2.59 1.52 Collapse at bottom of borehole 
...... 
w 
w 
Table A. (continued). 
Values reported in meters Sensor Unless noted, sensors arc screened in Roberts Creek Member 
Duplicates indicate re-installation of that sensor Depth 
Borehole Well from Datum= 
hand auger = I IA Depth Tip or Well 345 m 
Giddings probe =GP from Ground Tip or Screen Screen GM = Sensor screened in 
Sensor Sensor Piezometer Array Install Install Ground Surface Ground Sensor Head Bottom Top Sand Gunder Member 
Type # Letter or# Location Date Method Surface Elevation Surface Elevation Elevation Depth Depth Thickness Comments 
Strain-gage I NW Jul-99 HA 3.24 350.23 3.24 346.99 1.99 1.15 Too much sand? 
Strain-gage 15 NE Jul-99 HA 3.32 350.16 3.32 346.84 1.84 1.22 Too much sand? 
Strain-gage 20 NW Jul-99 llA 3.00 350.21 3.00 347.21 2.21 0.90 Too much sand? 
Strain-gage 2 NW Jul-99 llA 2.70 350.25 2.70 347.55 2.55 0.50 
Strain-gage 11 NW Jul-99 HA 2.95 350.26 2.95 347.31 2.31 1.10 Too much sand? Sensor unusable after 
installation of piczometer 03 
Strain-gage 13 NE Jul-99 !IA 2.80 350.11 2.80 347.31 2.31 0.50 -w 
Strain-gage 9 NE Jul-99 HA 2.65 350.24 2.65 347.59 2.59 0.55 """" 
Strain-gage 16 NE Jul-99 HA 2.55 350.23 2.55 347.68 2.68 0.75 
Vib. Wire 45789 A E Oct-99 HA 3.35 350.71 3.12 347.59 2.59 2.87 2.57 1.27 Too much sand? 
Vib. Wire 45035 E E Oct-99 HA 3.35 350.70 3.01 347.69 2.69 3.25 2.95 0.82 
Vib. Wire 45787 B E Oct-99 llA 3.00 350.68 3.27 347.41 2.41 2.95 2.64 0.76 
Vib. Wire 45037 D E Oct-99 HA 3.05 350.67 3.35 347.32 2.32 3.00 2.69 0.88 
Strain-gage 4 F NE Nov-99 HA 3.07 350.54 3.34 347.20 2.20 3.12 2.82 0.56 
Strain-gage 3 G NE Nov-99 HA 3.14 350.41 3.26 347.15 2.15 3.30 3.00 1.17 Too much sand? 
Strain-gage 15 H NE Nov-99 HA 3.14 350.57 3.24 347.33 2.33 3.18 2.87 0.89 
Strain-gage 13 I NE Nov-99 HA 3.68 350.56 3.43 347.13 2.13 3.78 3.48 0.81 GM 
01 NW Nov-99 HA 3.33 350.51 3.40 3.10 0.69 Next to #20 & #I 
02 NW Nov-99 HA 3.15 350.50 3.15 2.84 0.58 Next to #2 
03 NW Nov-99 HA 3.07 350.44 3.18 2.87 0.45 Next to #11 
04 w Nov-99 MA 3.13 350.21 3.10 2.79 0.54 Next to #5 & #19 
05 w Nov-99 llA 3.18 350.20 3.18 2.87 0.67 Next to #I 0 & # 18 
06 w Nov-99 HA 3.02 350.41 3.02 2.72 0.82 Next to #12 
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Table B. Well A slug test data. 
Falling Change in Hydraulic Conductivity in Roberts Creek 
Time Depth Water Level 
(sec} (ft} H (ft} H/HO Sensor #45789 
0 7.83 0.76 1.000 
10 8.07 0.52 0.684 Hvorslev Slug Test Method 
0.605 Starting Depth = 8.59ft 
30 8.17 0.42 0.553 Radius well casing (r) = 0.0677ft 
40 8.24 0.35 0.461 Radius well screen (R) = 0.1667ft 
50 8.29 0.3 0.395 Length of screen (Le)= 1 ft 
60 8.31 0.28 0.368 Time to fall 37% (To) = 63sec falling 
80 8.36 0.23 0.303 52sec rising 
90 8.39 0.2 0.263 K = r2 ln(Le/R) / 2 Le To 
100 8.41 0.18 0.237 
110 8.43 0.16 0.211 K= 6.52E-05 ft/sec falling 
120 8.45 0.14 0.184 7.90E-05ft/sec rising 
140 8.46 0.13 0.171 K= 1.99E-03 cm/sec falling 
160 8.49 0.1 0.132 2.41 E-03 cm/sec rising 
180 8.51 0.08 0.105 
210 8.55 0.04 0.053 K average= 2.20E-03 cm/sec 
0.053 
270 8.54 0.05 0.066 Bouwer and Rice Slug Test Method 
300 8.55 0.04 0.053 Radius well casing (re) = 0.0677ft 
360 8.56 0.03 0.039 Radius of gravel (R) = 0.1667ft 
420 8.57 0.02 0.026 Effective radial distance 
480 8.57 0.02 0.026 over which head dissipated = Re 
540 8.57 0.02 0.026 Length of screen (Le)= 1 ft 
600 8.57 0.02 0.026 A= 1.9 
Rising Change in h= 3.64ft 
Time Depth Water Level B= 0.25 
(sec} (ft} H (ft} H/HO Length from water table 
0 9.31 0.74 1.000 to bottom of screen (Lw) = 2.23ft 
10 9 0.43 0.581 
0.541 In Re/R = {1.1/ln(Lw/R)+(A+B*ln[(h-Lw)/R]/(Le/R)} 
30 8.93 0.36 0.486 
40 8.88 0.31 0.419 In Re/R = 1.2051 
50 8.84 0.27 0.365 
60 8.81 0.24 0.324 1/t*lnHt/Ho = 0.0111 falling 
80 8.77 0.2 0.270 0.0086 rising 
90 8.76 0.19 0.257 Values used to calculate 1/t*lnHt/Ho are designated 
100 8.74 0.17 0.230 by gray shaded squares 
110 8.72 0.15 0.203 
120 8.71 0.14 0.189 K = [rc2*1n(Re/R) / 2 Le]*1/t*lnHt/Ho 
140 8.7 0.13 0.176 
160 8.68 0.11 0.149 K= 3.07E-05 ft/sec falling 
180 8.66 0.09 0.122 2.38E-05 ft/sec rising 
210 0.095 K= 9.34E-04 cm/sec falling 
0.081 7.26E-04 cm/sec rising 
270 8.62 0.05 0.068 
300 8.61 0.04 0.054 K average= 8.30E-04 cm/sec 
360 8.61 0.04 0.054 
420 8.6 0.03 0.041 
480 8.59 0.02 0.027 Hvorslev = 2.20E-05 m/sec 
540 8.59 0.02 0.027 Bouwer-Rice = 8.30E-06 m/sec 
600 8.59 0.02 0.027 
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Table B. Well A slug test data. 
Falling Change in Hydraulic Conductivity in Roberts Creek 
Time Depth Water Level 
{sec} {ft} H {ft} H/HO Sensor#45789 
0 7.83 0.76 1.000 
10 8.07 0.52 0.684 Hvorslev Slug Test Method 
20 0.605 Starting Depth = 8.59ft 
30 0.553 Radius well casing (r) = 0.0677ft 
40 8.24 0.35 0.461 Radius well screen (R) = 0.1667ft 
50 8.29 0.3 0.395 Length of screen (Le)= 1 ft 
60 8.31 0.28 0.368 Time to fall 37% (To)= 63sec falling 
80 8.36 0.23 0.303 52sec rising 
90 8.39 0.2 0.263 K = r ln(Le/R) I 2 Le To 
100 8.41 0.18 0.237 
110 8.43 0.16 0.211 K= 6.52E-05 ft/sec falling 
120 8.45 0.14 0.184 7 .90E-05 ft/sec rising 
140 8.46 0.13 0.171 K= 1.99E-03 cm/sec falling 
160 8.49 0.1 0.132 2.41 E-03 cm/sec rising 
180 8.51 0.08 0.105 
210 8.55 0.04 0.053 K average= 2.20E-03 cm/sec 
240 8.55 0.:04 0.053 
270 8.54 0.05 0.066 Bouwer and Rice Slug Test Method 
300 8.55 0.04 0.053 Radius well casing (re) = 0.0677ft 
360 8.56 0.03 0.039 Radius of gravel (R) = 0.1667ft 
420 8.57 0.02 0.026 Effective radial distance 
480 8.57 0.02 0.026 over which head dissipated = Re 
540 8.57 0.02 0.026 Length of screen (Le) = 1 ft 
600 8.57 0.02 0.026 A= 1.9 
Rising Change in h= 3.64 ft 
Time Depth Water Level B= 0.25 
(sec) (ft} H {ft} H/HO Length from water table 
0 9.31 0.74 1.000 to bottom of screen (Lw) = 2.23 ft 
10 9 0.43 0.581 
-~o 8.91:~"'1~"' 
""< 
0.541 In Re/R = {1.1/ln(Lw/R)+[A+B*ln[(h-Lw)/R]/(Le/R)} 
~ 
' 0.4 
30 8.93 0.36 0.486 
40 8.88 0.31 0.419 In Re/R = 1.2051 
50 8.84 0.27 0.365 
60 8.81 0.24 0.324 1/t*lnHUHo = 0.0111 falling 
80 8.77 0.2 0.270 0.0086 rising 
90 8.76 0.19 0.257 Values used to calculate 1/t*lnHUHo are designated 
100 8.74 0.17 0.230 by gray shaded squares 
110 8.72 0.15 0.203 
120 8.71 0.14 0.189 K = [rc2*1n(Re/R) I 2 Le]*1/t*lnHUHo 
140 8.7 0.13 0.176 
160 8.68 0.11 0.149 K= 3.07E-05 ft/sec falling 
180 8.66 0.09 0.122 2.38E-05 ft/sec rising 
210 8.64 0.07 0.095 K= 9.34E-04 cm/sec falling 
,- •' '""· 
~4!> 0.081 7.26E-04 cm/sec rising 
270 8.62 0.068 
300 8.61 0.04 0.054 K average= 8.30E-04 cm/sec 
360 8.61 0.04 0.054 
420 8.6 0.03 0.041 
480 8.59 0.02 0.027 Hvorslev = 2.20E-05 m/sec 
540 8.59 0.02 0.027 Bouwer-Rice = 8.30E-06 m/sec 
600 8.59 0.02 0.027 
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Well A Falling Head Test 
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Figure A. Well A slug test plots. A. Falling head test. B. Rising head test. 
700 
.... 
.. 
700 
Table C. Well C slug test data. 
Falling Change in 
Time Depth Water Level 
(sec) (ft) H (ft) H/HO 
0 8 0.67 1.000 
10 8.3 0.37 0.552 
if;;,_, 
fit~'2o 
~·r ~ 
8.4ll'- 0.27 0.403 
30 8.46 0.21 0.313 
40 8.51 0.16 0.239 
50 8.6 0.07 0.104 
60 8.61 0.06 0.090 
80 8.63 0.04 0.060 
t;~~::-j()() 8.65 0,02 0.030 
120 8.67 0 0.000 
Rising Change in 
Time Depth Water Level 
(sec) (ft) H (ft) H/HO 
0 8 0.67 1.000 
10 8.25 0.42 0.627 
20 8.42"'"· :r.Q:;25 0.373 
30 8.46 0.21 0.313 
40 8.51 0.16 0.239 
50 8.55 0.12 0.179 . 
8.57 0.1 0.149 
8.61 0.06 0.090 
8.64r'ii""'' -f'-·o:o~ 0.045 
8.66 0.01 0.015 
150 8.67 0 0.000 
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Hydraulic Conductivity in Roberts Creek 
Sensor #45034 
Hvorslev Slug Test Method 
Starting Depth = 
Radius well casing (r) = 
Radius well screen (R) = 
Length of screen (Le) = 
Time to fall 37% (To)= 
8.67 ft 
0.0677 ft 
0.1667ft 
K = r2 ln(Le/R) / 2 Le To 
K= 1.87E-04 ft/sec 
1. 79E-04 ft/sec 
K= 5.69E-03 cm/sec 
5.44E-03 cm/sec 
K average= 5.56E-03 cm/sec 
1 ft 
22sec 
23sec 
falling 
rising 
falling 
rising 
Bouwer and Rice Slug Test Method 
Radius well casing (re) = 
Radius of gravel (R) = 
Effective radial distance 
0.0677ft 
0.1667ft 
over which head dissipated = 
Length of screen (Le)= 
A= 
h= 
1.9 
3.44 ft 
B = 0.25 
Length from water table 
Re 
1 ft 
to bottom of screen (Lw) = 2.13 ft 
In Re/R = {1.1/ln(Lw/R)+[A+B*ln[(h-Lw)/R]/(Le/R)} 
In Re/R = 1.1984 
1/t*lnHt/Ho = 3.25E-02 falling 
2.65E-02 rising 
Values used to calculate 1/t*lnHt/Ho are designated 
by gray shaded squares 
K = [rc2*1n(Re/R) / 2 Le]*1/t*lnHt/Ho 
K= 8.94E-05ft/sec falling 
7 .28E-05 ft/sec rising 
K= 2. 72E-03 cm/sec falling 
2.22E-03 cm/sec rising 
K average= 2.4 7E-03 cm/sec 
Hvorslev = 5.56E-05 m/sec 
Bouwer-Rice = 2.47E-05 m/sec 
falling 
rising 
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Well C Falling Head Test 
A 
0.010 ··'-· ------------i-------'------~-----...._ ____ --l 
0 20 
1.000 
~ • 
~ 
~ 
·~ 
~ 0.100 
I··· 
B 
0.010 
0 20 
40 60 
Time(sec) 
Well C Rising Head Test 
~ 
~~ 
~ 
......... 
........... •.... ..... 
.... ,.__ 
............ 
i 
' 
······· 
.............. 
..... 
i 
' 
: 
40 60 80 
Time (sec) 
80 100 
. 
········ 
~ 
·~ .. .. 
~ 
100 120 
Figure B. Well C slug test plots. A. Falling head test. B. Rising head test. 
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Table D. Well E slug test data. 
Hydraulic Conductivity in Roberts Creek 
Falling Change in Sensor#45035 
Time Depth Water Level 
(sec} (ft} H (ft} H/HO Hvorslev Slug Test Method 
0 7.55 0.74 1.000 Starting Depth = 8.29ft 
10 7.77 0.52 0.703 Radius well casing (r} = 0.0677ft 
20 7.9 0.39 0.527 Radius well screen (R} = 0.1667 ft 
30 7.97 0.32 0.432 Length of screen (Le}= 1 ft 
40 8.04 o:~s 0.338 Time to fall 37% (To)= 37sec falling 
50 8.09 0.20 0.270 41 sec rising 
60 8.11 0.18 0.243 K = r2 ln(Le/R) I 2 Le To 
70 8.13 0.16 0.216 
80 8.16 0.13 0.176 K= 1.11 E-04 ft/sec falling 
90 8.18 0.11 0.149 1.00E-04 ft/sec rising 
100 8.22 0.07 0.095 K= 3.38E-03 cm/sec falling 
110 8.24 0.05 0.068 3.05E-03 cm/sec rising 
~:::':t~'t> 
Ji-'-.-.-~ 
8.25 0.04: 0.054 
140 8.26 0.03 0.041 K average= 3.22E-03 cm/sec 
160 8.28 0.01 0.014 
180 8.28 0.01 0.014 
210 8.29 0.00 0.000 Bouwer and Rice Slug Test Method 
Radius well casing (re} = 0.0677ft 
Radius of gravel (R} = 0.1667ft 
Rising Change in Effective radial distance 
Time Depth Water Level over which head dissipated = Re 
{sec} {ft} H {ft} H/HO Length of screen (Le} = 1 ft 
0 9.03 0.74 1.000 A= 1.9 
10 8.79 0.50 0.676 h= 2.56 ft 
20 8.68 0.39 0.527 B= 0.25 
30 8.61 0.32 0.432 Length from water table 
t{~~+:t'AQ 8.58 ·?Q~?~ 0.392 to bottom of screen (Lw) = 2.4 ft 
50 8.53 0.24 0.324 
60 8.5 0.21 0.284 In Re/R = {1 .1/ln(Lw/R)+[A+B*ln[(h-Lw}/R]/(Le/R)} 
70 8.47 0.18 0.243 
80 8.45 0.16 0.216 In Re/R = 1.3746 
90 8.43 0.14 0.189 
100 8.41 0.12 0.162 1/t*lnHt/Ho = 2.29E-02 falling 
'.c;~~:t:-·~;116 8.4 
·:--~·q~ 
. 0.1.1, 0.149 1.38E-02 rising 
120 8.39 0.10 0.135 Values used to calculate 1/t*lnHt/Ho are designated 
140 8.37 0.08 0.108 by gray shaded squares 
160 8.36 0.07 0.095 
180 8.35 0.06 0.081 K = [rc2*1n(Re/R) I 2 Le]*1/t*lnHt/Ho 
210 8.34 0.05 0.068 
240 8.33 0.04 0.054 K= 7 .22E-05 ft/sec falling 
270 8.33 0.04 0.054 4.36E-05 ft/sec rising 
300 8.32 0.03 0.041 K= 2.20E-03 cm/sec falling 
360 8.32 0.03 0.041 1.33E-03 cm/sec rising 
420 8.31 0.02 0.027 
480 8.3 0.01 0.014 K average= 1. 76E-03 cm/sec 
540 8.3 0.01 0.014 
600 8.3 0.01 0.014 
Hvorslev = 3.22E-05 m/sec 
Bouwer-Rice = 1. 76E-05 m/sec 
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Figure C. Well E slug test plots. A. Falling head test. B. Rising head test. 
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Table E. Well H slug test data. 
Hydraulic Conductivity in Roberts Creek 
Falling Change in Sensor #15 
Time Depth Water Level 
(sec) (ft) H (ft) H/HO Hvorslev Slug Test Method 
0 7.11 0.74 1.000 Starting Depth = 7.85ft 
10 7.25 0.6 0.811 Radius well casing (r) = 0.0677 ft 
20 7.27 0.58 0.784 Radius well screen (R) = 0.1667ft 
30 7.3 0.55 0.743 Length of screen (Le) = 1 ft 
40 7.31 0.54 0.730 Time to fall 37% (To)= 387 sec 
50 7.32 0.53 0.716 
~ :.6P 7.33 0.52 0.703 K = r2 ln(Le/R) I 2 Le To 
80 7.35 0.5 0.676 
100 7.37 0.48 0.649 K= 1.06E-05 ft/sec 
120 7.4 0.45 0.608 K= 3.23E-04 cm/sec 
150 7.44 0.41 0.554 
180 7.47 0.38 0.514 Bouwer and Rice Slug Test Method 
210 7.48 0.37 0.500 Radius well casing (re)= 0.0677ft 
240 7.5 0.35 0.473 Radius of gravel (R) = 0.1667ft 
270 7.51 0.34 0.459 Effective radial distance 
300 7.53 0.32 0.432 over which head dissipated = Re 
360 7.56 0.29 0.392 Length of screen (Le) = 1 ft 
420 7.6 0.25 0.338 A= 1.9 
480 7.61 0.24 0.324 h= 4.23ft 
540 7.64 0.21 0.284 B= 0.25 
~-:~;t:.' ''r.! 6_qq 7.66 . 0.1 9 0.257 Length from water table 
720 7.7 0.15 0.203 to bottom of screen (Lw) = 3.84 ft 
840 7.74 0.11 0.149 
960 7.76 0.09 0.122 In Re/R = {1.1/ln(Lw/R)+[A+B*ln[(h-Lw)/R]/(Le/R)} 
1080 7.77 0.08 0.108 
1200 7.79 0.06 0.081 In Re/R = 1.4229 
1500 7.8 0.05 0.068 
3600 7.83 0.02 0.027 1/t*lnHt/Ho = 1.86E-03 
Values used to calculate 1/t*lnHt/Ho are designated 
by gray shaded squares 
K = [rc2*1n(Re/R) I 2 Le]*1/t*lnHt/Ho 
K= 6.08E-06 ft/sec 
K= 1.85E-04 cm/sec 
Hvorslev = 3.23E-06 m/sec 
Bouwer-Rice = 1.85E-06 m/sec 
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Table F. Well I slug test data. 
Falling Change in 
Time Depth Water Level 
(sec) (ft) H (ft) H/HO 
0 7.12 0.74 1.000 
10 7.25 0.61 0.824 
20 7.26 0.6 0.811 
30 7.27 0.59 0.797 
40 7.27 0.59 0.797 
50 7.27 0.59 0.797 
60 7.27 0.59 0.797 
80 7.27 0.59 0.797 
100 7.27 0.59 0.797 
120 7.28 0.58 0.784 
150 7.28 0.58 0.784 
180 7.28 0.58 0.784 
210 7.28 0.58 0.784 
240 7.28 0.58 0.784 
270 7.28 0.58 0.784 
300 7.28 0.58 0.784 
360 7.28 0.58 0.784 
420 7.29 0.57 0.770 
480 7.31 0.55 0.743 
540 7.32 0.54 0.730 
600 7.32 0.54 0.730 
720 7.33 0.53 0.716 
840 7.34 0.52 0.703 
960 7.34 0.52 0.703 
1,080 7.34 :·.:'· :'~- o:s2 0.703 
1200 7.35 0.51 0.689 
1500 7.36 0.5 0.676 
1800 7.37 0.49 0.662 
3600 7.44 0.42 0.568 
5400 7.48 0.38 0.514 
7200 7.54 0.32 0.432 
9000 7.58 0.28 0.378 
10890 7.6 0.26 0.351 
12600 7.63 0.23 0.311 
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Hydraulic Conductivity in Gunder 
Sensor #13 
Hvorslev Slug Test Method 
Starting Depth = 7.86ft 
Radius well casing (r) = 0.0677ft 
Radius well screen (R) = 0.1667 ft 
Length of screen (Le) = 1 ft 
Time to fall 37% (To)= -9371 sec 
K = r2 ln(Le/R) I 2 Le To 
K= 4.38E-07 ft/sec 
K= 1.34E-05 cm/sec 
Bouwer and Rice Slug Test Method 
Radius well casing (re)= 0.0677ft 
Radius of gravel (R) = 0.1667ft 
Effective radial distance 
over which head dissipated = Re 
Length of screen (Le) = 1 ft 
C= 1.9 
Length from water table 
to bottom of screen (Lw) = 6.04 ft 
In Re/R = {1.1/ln(Lw/R)+[C/(Le/R)]}"-1 
In Re/R = 1.6048 
1/t*lnHt/Ho = 7.13E-05 
Values used to calculate 1/t*lnHt/Ho are designated 
by gray shaded squares 
K = [rc2*1n(Re/R) I 2 Le]*1/t*lnHt/Ho 
K= 
K= 
Hvorslev = 
Bouwer-Rice = 
2.62E-07 ft/sec 
7.99E-06 cm/sec 
1.34E-07 m/sec 
7.99E-08 m/sec 
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Figure E. Well I falling-head slug test plot. 
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Table G. Well RW-1.2-13 slug test data. 
Hydraulic Conductivity in Gunder 
Falling Change in Sensor#45038 
Time Depth Water Level 
(sec) (ft) H (ft) H/HO Hvorslev Slug Test Method 
0 7.22 1.48 1.000 Starting Depth = 8.7ft 
10 7.6 1.1 0.743 Radius well casing (r) = 0.0677 ft 
20 7.65 1.05 0.709 Radius well screen (R) = 0.1667 ft 
30 7.66 1.04 0.703 Length of screen (Le)= 1 ft 
40 7.67 1.03 0.696 Time to fall 37% (To)= 3436sec 
50 7.67 1.03 0.696 
60 7.68 1.02 0.689 K = r2 ln(Le/R) I 2 Le To 
80 7.68 1.02 0.689 
100 7.69 1.01 0.682 K= 1.19E-06 ft/sec 
120 7.69 1.01 0.682 K= 2.41 E-05 cm/sec 
150 7.7 1 0.676 
180 7.7 1 0.676 Bouwer and Rice Slug Test Method 
210 7.72 0.98 0.662 Radius well casing (re) = 0.0677 ft 
240 7.72 0.98 0.662 Radius of gravel (R) = 0.1667 ft 
270 7.73 0.97 0.655 Effective radial distance 
300 7.74 0.96 0.649 over which head dissipated = Re 
360 7.75 0.95 0.642 Length of screen (Le) = 1 ft 
420 7.77 0.93 0.628 C= 1.9 
480 7.78 0.92 0.622 Length from water table 
540 7.78 0.92 0.622 to bottom of screen (Lw) = 6.2 ft 
600 7.81 0.89 0.601 
720 7.83 0.87 0.588 In Re/R = {1 .1/ln(Lw/R)+[C/(Le/R)]}"-1 
840 7.85 0.85 0.574 
960 7.87 0.83 0.561 In Re/R = 1.6105 
1080 7.89 0.81 0.547 
1200 7.92 0.78 0.527 1/t*lnHUHo = 6.84E-05 
1500 7.97 0.73 0.493 Values used to calculate 1/t*lnHUHo are designated 
1800 8.01 0.69 0.466 by gray shaded squares 
, ~/~~00 8.15 0.55; 0.372 
5400 8.22 0.48 0.324 K = [rc2*1n(Re/R) 12 Le]*1/t*lnHUHo 
7200 8.27 . 0.43 0.291 
9000 8.3 0.4 0.270 K= 2.52E-07 ft/sec 
10800 8.31 0.39 0.264 K= 7.69E-06 cm/sec 
18000 8.32 0.38 0.257 
Hvorslev = 2.41E-07 m/sec 
Bouwer-Rice = 7.69E-08 m/sec 
1.000 
, ... 
. 
' ~ •.• , ... ............ ... 
----
0.100 
0 2000 
146 
Well RW-1.2-13 Falling Head Test 
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Table H. Well RW-1.3-10 slug test data. 
Falling Change in 
Time Depth Water Level 
(sec) (ft) H (ft) H/HO 
0 5.79 0.74 1.000 
10 6.08 0.45 0.608 
. 20 6.18 0.35 0.473 
30 6.25 0.28 0.378 
40 6.31 0.22 0.297 
50 6.35 0.18 0.243 
60 6.4 0.13 0.176 
80 6.45 0.08 0.108 
100 6.5 0.03 0.041 
:~·1·~,i20 
{. « 
6.51 0.02 0.027 
150 6.53 0 0.000 
Rising Change in 
Time Depth Water Level 
(sec) (ft) H (ft) H/HO 
0 7.27 0.74 1.000 
10 7.01 0.48 0.649 
20 6.9 0.37 0.500 
30 6.82 0.29 0.392 
4Q 6.76 .• " 0.23 0.311 
50 6.72 0.19 0.257 
60 6.7 0.17 0.230 
80 6.65 0.12 0.162 
100 6.62 0.09 0.122 
120 6.6 0.07 0.095 
140 6.59 0.06 0.081 
160 6.58 0.05 0.068 
180 6.56 0.03 0.041 
.~10 6.55 ., •. 0.02 0.027 
240 6.54 0.01 0.014 
270 6.54 0.01 0.014 
300 6.54 0.01 0.014 
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Hydraulic Conductivity in Roberts Creek 
Sensor #45791 
Hvorslev Slug Test Method 
Starting Depth = 6.53 ft 
Radius well casing (r) = 
Radius well screen (R) = 
Length of screen (Le) = 
Time to fall 37% (To)= 
0.0677ft 
0.1667ft 
K = r2 ln(Le/R) I 2 Le To 
K= 1.47E-04 ft/sec 
1.52E-04 ft/sec 
K= 4.47E-03 cm/sec 
2.80E-03 cm/sec 
K average= 3.64E-03 cm/sec 
1 ft 
28sec 
27sec 
falling 
rising 
falling 
rising 
Bouwer and Rice Slug Test Method 
Radius well casing (re) = 0.0677 ft 
Radius of gravel (R) = 0.1667 ft 
Effective radial distance 
over which head dissipated = 
Length of screen (Le) = 
A= 1.9 
h = 5.15ft 
B= 0.25 
Length from water table 
Re 
1 ft 
to bottom of screen (Lw) = 4.33 ft 
In Re/R = {1 .1/ln(Lw/R)+[A+B*ln[(h-Lw)/R)/(Le/R)} 
In Re/R = 1.3873 
falling 
rising 
1/t*lnHt/Ho = 2.86E-02 falling 
1.44E-02 rising 
Values used to calculate 1/t*lnHt/Ho are designated 
by gray shaded squares 
K = [rc2*1n(Re/R) I 2 Le]*1/t*lnHt/Ho 
K= 
K= 
K average= 
Hvorslev = 
Bouwer-Rice = 
9.1 OE-05 ft/sec 
4.57E-05 ft/sec 
2.77E-03 cm/sec 
1.39E-03 cm/sec 
2.08E-03 cm/sec 
3.64E-05 m/sec 
2.08E-05 m/sec 
falling 
rising 
falling 
rising 
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Well RW-1.3-10 Falling Head Test 
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Figure G. Well RW-1.3-10 slug test plots. A. Falling head test. B. Rising head test. 
Table I. Well RW-2.2-11 slug test data. 
Falling Change in 
Time Depth Water Level 
(sec) (ft) H (ft) H/HO 
0 6.11 0.74 1.000 
10 6.5 0.35 0.470 
20 6.76 0.09 0.120 
30 6.85 0 0.000 
Rising Change in 
Time Depth Water Level 
(sec) (ft) H (ft) H/HO 
0 7.59 0.74 1.000 
'1Q 7.1 , o.25; 0.338 
20 6.96 0.11 0.149 
30 6.9 0.05 0.068 
40 6.89 0.04 0.054 
50 6.88 0.03 0.041 
60 6.87 0.02 0.027 
80 6.86 0.01 0.014 
100 6.85 0 0.000 
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Hydraulic Conductivity in Roberts Creek 
Sensor#8 
Hvorslev Slug Test Method 
Starting Depth = 
Radius well casing (r) = 
Radius well screen (R) = 
Length of screen (Le) = 
Time to fall 37% (To)= 
6.85 ft 
0.0677ft 
0.1667ft 
1 ft 
11 sec falling 
9sec rising 
K = r2 ln(Le/R) / 2 Le To 
K= 3.73E-04 ft/sec falling 
4.56E-04 ft/sec rising 
K= 7.48E-03 cm/sec falling 
1.39E-02 cm/sec rising 
K average= 1.07E-02 cm/sec 
Bouwer and Rice Slug Test Method 
Radius well casing (re) = 0.0677 ft 
Radius of gravel (R) = 0.1667 ft 
Effective radial distance 
over which head dissipated = Re 
Length of screen (Le) = 1 ft 
A= 1.9 
h = 4.95ft 
B= 0.25 
Length from water table 
to bottom of screen (Lw) = 4.13 ft 
In Re/R = {1.1 /ln(Lw/R)+[A+B*ln[(h-Lw)/R]/(Le/R)} 
In Re/R = 1.3778 
1/t*lnHUHo = 1.36E-01 falling 
8.05E-02 rising 
Values used to calculate 1/t*lnHUHo are designated 
by gray shaded squares 
K = [rc2*1n(Re/R) / 2 Le]*1/t*lnHt/Ho 
K= 
K= 
K average= 
Hvorslev = 
Bouwer-Rice = 
4.29E-04 ft/sec 
2.54E-04 ft/sec 
1.31 E-02 cm/sec 
7. 7 4E-03 cm/sec 
1.04E-02 cm/sec 
1.07E-04 m/sec 
1.04E-04 m/sec 
falling 
rising 
falling 
rising 
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Figure H. Well RW-2.2-11 slug test plots. A. Falling head test. B. Rising head test. 
151 
ACKNOWLEDGEMENTS 
The following people have all contributed to the completion of this thesis and all deserve my 
biggest thanks: 
• Neal Iverson for his extensive help in bringing this thesis together, from the 
beginning, by acquiring the funding necessary to start the project, through the end and 
oversight of the writing process. 
• Mike Burkart, hydrologist at the National Soil Tilth Laboratory, for his help in 
funding the project. 
• Larry Kramer, manager of the Deep Loess Research Station, for his help surveying 
the gully and downloading and emailing the sensor data. 
• Mike and Larry for their help with using the drill rig. 
• Dan Salisbury, Pete Moore, Claire Hruby, Andrew Flint, and Rob and Jim Swerczek 
for their help in doing field work, especially hand-augering the boreholes for sensor 
placement and stratigraphy analysis. 
• My Uncle Chuck and Aunt Jonette Smith for allowing myself and my helpers to stay 
at their house when we were doing field work. 
• Golden Hills RC&D and the Hungry Canyons Alliance for allowing me time to finish 
writing the text of this thesis at work. 
• My parents for keeping me going and providing a place to stay for a summer. 
• My Lord and Savior, Jesus Christ, for being faithful and bringing me back to him, 
even after I was out-of-line for so long. 
